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ν ≈ ν0
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s

s(t) = s0 sin (2πν(t)t)

s0 ν(t)

ν(t) = ν0(1 + ε+ y(t))

y(t) =
δν(t)

ν0
=

1

2πν0

dϕ(t)

dt



ν0 ε ϕ(t)

y(t)

ε y(t)

& 1s

AV AR(τ) = σ2
y(τ) =

1

2
〈(ȳn+1 − ȳn)2〉

ȳn nth τ

yi
yi

∆t = σy(τ) × τ

σy(τ)

τ σy(τ = 1 day) = 10−14

∼ 1 ns σ2
y τ

−1 (τ, σ2
y(τ))

+1

ns
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D1

λ1 = 894.4 nm ν1 = 335.1 THz D2 λ2 = 852.1 nm ν2 = 351.7 THz

π σ

F = 3 F = 4 62S1/2

ν0 = 9.192631770 GHz

ν ν0

F = 3 F = 4

ν
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ν0

I ∼
1010 atoms.s−1 mm2

100◦C vp = 216 m/s
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T0 D1 D2

∆I fI

fI ∼ 40 Hz

∆I ∼ 3 mA

−1 GHz/mA
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D1 894 nm

43′σ |F = 4〉
|F ′ = 3〉 σ
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∆tdec ∆νCs

∆tdec = 35 ns

∆νCs = 4.6 MHz
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∼ 150 µW

!"#$ !"%! !"%$ !"&! !"&$

!"#

$"!

$"%

$"&

$"'

$"#

%"!

!
"#
$
%
&
'
(
)
*
+*
,
+'
-
./
0

1"2* .30

()*+,-./-0/- 10

2+0- 3

40/,-5.106 +781/5)
7*97106 7+:-,

& ;<

43′σ
F = 3



|3〉 |4〉

!"#"$ %&''$(

!"

#$%&'

$("$ )*+

)*+
,-*

./01

./0

./21

./2

)*3
,-*

4

43′σ

D1

D2 D2 : 45′σ

2F + 1

|F, mF 〉
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β = 4 /atom
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|3〉 → |4〉 νHF
BHF

νHF = νR ≈ 9.19 GHz
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SδVfluo

∆Vfluo V olts
√
SδVfluo

V olts/
√
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V

σy(τ) =
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Q
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2

τ−1/2

SNR

Q
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T

vat T = L/vat
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SNR D1

σy(1 s) = 2.3 × 10−12
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D1 894 nm

D1 894 nm

852 nm 894 nm

D1 894 nm D2 852 nm

852 nm

852 nm

860 nm

D2

900 nm

D1 1.2 GHz

MHz D2

25 GHz/K 1 GHz/mA

D2

D1

D1

SNR |β × ∆n|
D1 (34′σ) D2 (43′σ) (34′π)

(45′σ) 10

β

2

3

D1 D2



π σ

σ

(34′π)

D1

894.4 nm D1 852.1 nm D2 25◦C
[10◦C; 40◦C] ∼ 1 nm

20 mW

SMSR

SMSR & 30 dB 103

SMSR & 40 dB

∆νlaser 6 1 MHz FWHM 40 mW

250 ms

6 1010 Hz2/Hz 1 Hz 1/f

6 105 Hz2/Hz 1 MHz

RIN

RIN 6 10−12 Hz−1 10 Hz



D1 894 nm

Ithr 6 80 mA

δν
δI = −1 GHz ± 0.2 GHz/mA

δν
δT = −20 GHz ± 5 GHz/K

ηd = 0.6 ± 0.2 W/A

300 mW

M2 = 1

1/e2 12◦ 51◦

100 000 hours ≤ 1 mA/year

850−900 nm



∼ 1 W

WPE < 0.1%

∼ 10 kHz

∼ 200 mW

100 MHz ∼ 1 mW

40

100 kHz
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D1 894 nm

∼ nm ∼ 100 µm

∼ 10 MHz

100 nm

UV



894 nm

894 nm

40 mW ∼ 5 MHz

852 nm 894 nm

10 mW

∼ 1 MHz

4 000 A

894 nm

852 nm 894 nm

894 nm
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s−1

γrad = 1/τrad

γnrad = 1/τnrad

γrad + γnrad
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V m3 N1 m−3

E1 N2 E2 > E1

ρ(ν0) J.m−3.Hz−1

ν hν0

(
dN2

dt

)

tot
=

(
dN2

dt

)

stim
+

(
dN2

dt

)

spon

(
dN2

dt

)

tot
= B12ρ (ν0)N1(t) −B21ρ (ν0)N2(t) −A21N2(t)

!
"

#$% #&% #'%

(
"

(
)

!
)

!
12

"(#
0
)$

1
(%) !
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21
$

2
(%)

B12 B21 A21

s−1 A21 J−1.s−2.m3 B

B12 = B21 = A21
λ3
med

8πh

λmed = λ0/nmed

N1 N2
N2,equ

N1,equ
= e−(E2−E1)/kBT

kB

γrad ≡ Γ ≡ A21 =
8π2d2

12

3~ε0n2
medλ

3
0

d12 = er12 ε0

λ0



~k |k| = 2π/λ

|2〉 |1〉

∼ ~

ν0

W.m−3

PV = (hν0)B21(N2 −N1)ρ(ν0)

z

dI W.m−2

dI = PV dz

=

(
hc

λ0
A21

λ3
med

8πh

nmed
c

(N2 −N1)

)
Iνdz

Iν = dI
dν = c

nmed
ρ(ν0) c m.s−1

W.m−2.Hz−1 dν−1 Iν
z

I(z) = I0e
−αIz

I0 z = 0 αI m−1

gI
ν0 = c/λ0

L ν0

FWHM 2γtr s−1

γtr γrad γnrad

αI(ν) = −gI(ν) =
γradλ

2
med

8π
(N1 −N2)L(ν − ν0)

L(ν) =
1

π

γtr
γ2
tr + (ν − ν0)2

σI(ν) m2

αI(ν) = σI(ν)(N1 −N2)

I(z) = I0e
−σI(N1−N2)z

N2 > N1 gI αI
V αI

gI αI = 0

N1 > N2



γrad + γnrad
|1〉 |2〉

|1〉 |2〉

N1(∞) = N2(∞) =
N

2
B21ρ(ν) ≫ A21

N = N1 + N2 α(ν) −→ 0

|3〉 |2〉 γ32 ≫ γ21
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~k

gI(ν) =
g0(ν)

1 + I(ν)/Isat(ν)

Isat(ν)

g0

~k

ω = 2πν
~E~k

~E(~r, t) = ~E0e
i(ωt−~k·~r)

nmed =
√
εmed/ε0

χact(ω)

|~k| =
ωnmed
c

|f(nmed, χact(ω))|

f
~k

~k ≈ ~kR + i~kI

kR = ω/vg vg = dk/dω kI = −αI/2

gI = g = −αI = −σI∆N
∆N αi < 0

1/2

χact
χact(ω,~r)

~E(z, t) = ~E0e
g−αi

2
zei(ωt−kRz)

g − αi gnet



r1 r2

1
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L

L M1

M2 M1

~E(t) = ~E(t)r1r2e
gnetLe−i2kRL

π ri = −|ri|

r1r2e
gnetLe−i2kRL = 1 = e2iqπ

gnet,thr = − 1

L
ln |r1r2| = − 1

2L
ln(R1R2)

def
= αm

Ri = |ri|2
αm

gthr = αi + αm



kR

kR = q
π

L
=

2πng
λ0

ng

∆N

∆N

g(ν)

∆α
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αi+αm

3&45 62(7$

"

8#
gain

s

τγ =
nmed
c

1

αtot
=
nmed
c

1

αi + αm

L = 2 mm nmed = 3

R1 = R2 = 0.28



τγ = 17 ps
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D1

1

T =
T1T2

1 +R1R2 − √
R1R2 cos(δ/2)

δ = 2kmedL R1 = R2 = R

T =
1

1 + 4R
(1−R)2 sin2(δ/2)

R R 1

FSRλ = λ2

2nmedL
F

F def
=

FSRλ
∆λ

=
FSRν

∆ν
=

π

2 arcsin( 1−R
2
√
R

)

∆λ R → 1 F → ∞
L FSR αm

∆λ → 0 ∆νc

∆νc
def
=

1

2πτc
=

1

F
c

2nmedL

R → 1

τγ = τc

∆νγ = ∆νc



e−2αiL < 1

L = 2 mm R

R F ∆νc
0.31 2.4 8 GHz

0.99 313 60 MHz

0.999 3140 6 MHz

R F
ν = 336 THz

Q

Q
def
= ωτc =

ν

∆νc

R = 0.31 Q = 4195 MHz

L = 2 m R = 0.85

Q 3 × 108

∆νc

∆νtr =
1

τrad + τnrad

µs ms

MHz kHz ns

GHz THz

∆νeff
g(ν)T (ν)

S

1/2

∆νS−T =
πhν(∆νc)

2

Ptot

Ptot
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*(%)

Pout W

Pout ≈ hν
S

τc
, αi ≪ αm

S = ε| ~E|2V
2~ω

αi ≪ αm Pout ≈ Ptot
L = 2 mm R = 0.31 Pout = 20 mW ν = 336 THz

∆νc = 8 GHz

∆νS−T = 22 kHz

105

ASE
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1231

1234
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567
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1239

123:

123;

123<
!!

c

!!
tr

w0 zR

~E(x, y, z) = ~E0

√
2

π

e−ikz+ψ(z)

w(z)
e

− x2+y2

w2(z)
−ik x2+y2

2R(z)

w(z) = w0

√
1 + (

z

zR
)
2

R(z) = z +
z2
R

z

ψ(z) = arctan(
z

zR
)

Θ = 2θ ≃ 2 arctan

(
λ

πw0

)

w0

x y
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) =
√
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0
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x z 00

FSRλ/2

10 µm FSR

mm
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I(z)

g(z)

CO2

Cs

77 K

|n, l,m, s〉
Eg

0 K



4 K

T = 300 K ⇔ kBT = 26 meV

s p

Eg Eg = 1.424

4.2 K λg = 870 nm a0 = 5.65325



Eg(T ) = Eg(0) − aT 2

b+ T

a b Eg(0) a = 5.41×10−4 eV/K b = 204K

a0,AxB1−xCyD1−y
= xa0,A + (1 − x)a0,B + ya0,C + (1 − y)a0,D

Eg,AxB1−xCyD1−y
= xEg,AC + x(1 − y)Eg,AD

+ (1 − x)yEg,BC + (1 − x)(1 − y)Eg,BD

x y

1 inch = 2.54 cm

500 − 1100 nm

1.2 1.6 µm 2 3 µm

400 nm

850 900 nm

x

x 1−x



V

Ĥ|Ψ(~r)〉 def=

(
p̂2

2me
+ V (~r)

)
|Ψ(~r)〉 = E~k|Ψ(~r)〉

p̂ = ~k̂ me

H

|Ψ〉 E~k

Ψ
n,~k

(~r) = u
n,~k

(~r)ei
~k.~r n

~r

E~k,e = Ec +
~

2k2

2m∗
e

|~k| = 0

m∗
e

m∗
e = 0.067me

~k ~0

(~k,E)
~k = [110] ~k = [111]

U

X

W
K

L

Σ

Γ ∆
Λ

%
!
[001]

[111]

[110]
%y[010]

%x[100]

!"
#$%&

'%()()*+,- '%()()*+,-

[110], [111]

e −E~k
m∗
h

E~k,h = Ev − ~
2k2

2m∗
h



d2E
dk2

Γ

k.p

m∗
e = me

(
1 +

EP
Eg

)−1

EP = 2
|〈uc,~0|~e.~p|uv,~0〉|

me

EP eV

~e

EP

EP ≈ 25 eV

Eg

E~k,hh/lh = Ev,~0 +
~

2k2

2m∗
e

[
(1 − γ1)~k2 ±

√
4γ2

2
~k4 + 12(γ2

3 − γ2
2)(k2

xk
2
y + k2

yk
2
z + k2

zk
2
x)

]

γ1 γ2 γ3

γi
k

γ1 = 6.85 γ2 = 2.1 γ3 = 2.9 m∗
hh = 0.38me

m∗
lh = 0.09me Γ

Γ



meV kBT

Nd = 2 × 1018 cm−3 Na = 2 × 1019 cm−3

E

fc(E) =
1

1 + e
E−EF

kBT

fv(E) = 1 − fc(E)

EF
J−1cm−3

|~k|

ρc,v(E) =
1

2π2

(
2m∗

c,v

~2

)3/2

|E − Ec,v|1/2

cm−3

n =

∫ +∞

0
ρc(E)fc(E)dE = NcF1/2

(
Ec − EF
kBT

)

p =

∫ +∞

0
ρv(E)fv(E)dE = NvF1/2

(
EF − Ev
kBT

)

Nc,v F1/2

Nc,v =
1

4

(
2m∗

c,vkBT

π~2

)3/2

F1/2(y) =
2√
π

∫ +∞

0

x1/2

1 + e(x−u)dx

Nc = 4.4 × 1017 cm−3 Nv = 8.7 × 1018 cm−3 n = p

E − EF ≫ kBT

ni =
√
NcNve

− Eg

2kBT = 2 × 106 cm−3 n = ni + Nd ≃ Nd

EF,c = Ec − kBT.F
−1
1/2

(
Nc

Nd

)
≈ Ec − kBT ln

(
Nc

Nd

)

EF,v = Ev − kBT.F
−1
1/2

(
Nv

Na

)
≈ Ev + kBT ln

(
Nv

Na

)



~kbeforee = ~kaftere

= ~k′
e + ~kopt

~kopt ~kopt ∼ 1/λopt ≪ ~k′
e ∼ 1/a0 λopt ∼ 1 µm

~k

Eopt(~k) = hνc,v = |Ec(~k) − Ev(~k)| = Eg +
~

2~k2

2mr

mr =
1

m∗
c

+
1

m∗
v

J−1cm−3

ρr,opt(E) =
1

2π2

(
2mr

~2

)3/2

|E − Eg|1/2

g(~ω) = −α(ω) = Bcvρr(~ω)[fc(Ec) − fv(Ev)]

= gmax(~ω)[fc(Ec) − fv(Ev)]

cm−3.s−1.J−1

Rspon(~ω) = Acvρr(~ω)fc(Ec)[1 − fv(Ev)]

Acv =
1

τrad
=

8π2e2|reffcv |2
~ε0n2

medλ
3
0

Acv |reffcv |

|reffcv |2 = 2/3|rcv|2 =
~

2EP
2meEg

τrad = 0.7 ns

g Rspon
hν

Eg < hν < ∆EF = EF c − EF v

Rspon(~ω)

Rspon = Bnp

B =
1

τradNc

(
mr

mv

)3/2

10−10 cm−3.s−1



!
"#

!
"#

!
"$

!
"%&

!
%&

'()*+,- ./01*02320)

'()*+,- 4*2-5

6+)*72 8/02 9*): ;<,0)<3=92-->

!-2+)?/0 9,721<0+)*/0

∆Eg = Eg2 − Eg1

Eg,QW
nSC

VSCH VQW
Γ gmod

gmod = Γg

Γ =

∫

QW
|E(z)|2dz

∫

SCH
|E(z)|2dz

NQW

λ = 1.3 µm

NQW

ρr(~ω)

|reffcv |
5−15 nm



u
n,~k

ξn(~r⊥QW )

ρ2D(E) =
m∗
QW

π~2

∑

n

θ(E − εn)

En(~k) = E + εn +
~

2~k2

2m∗
QW

εn ≈ n2 ~
2π2

2m∗
QWdQW

n E m∗
QW

dQW θ

εn

n = 1, 2

εn n2

n → n

!(#⃗∥)

#⃗∥

%!(#⟂)

%"(#⟂)

!!2

!!1

!"1

!"2

'" = 1

'! = 1

'! = 2

'" = 2

*" = 1

*" = 0

*! = 1

*! = 0
!%

∆!& = !& !
− !& "

ℎ.

!%

!%
1

∆!&
/'()

/3D

' = 2

' = 1

' = 3

/(ℎ.)

4(ℎ.)

/ > 0

!"# !$#

1 2

(E,~k‖)

hν

gQW (~ω) = αQW
∑

n,m

|〈ξn|ξm〉|2θ(~ω − (Eg + εcn + |εvn|))[f cn(~ω) − f cm(~ω)]

αQW =
2πe2|reffcv |2mr

λ0nmedε0~
2dQW

C −→ HH nc = 1 nv = 1

|〈ξn|ξm〉| 1



ns = n/dQW

gmaxQW = αQW

(
1 − e

−ns
π~

2

m∗
ekBT − e

−ns
π~

2

m∗
h

kBT

)

gmaxQW ≈ g0 ln

(
n

ntr

)

ntr = m∗kBT/dQWπ~2

ε

ε =
a0 − aQW

a0

a0 aQW

x 1−x y 1−y
ε > 0 ε < 0

lc
8 nm

εc ∼ 2.5%

|reffcv |2

C −→ HH



γis

|〈ξn|ξm〉|2
ρr(~ω)

1D

2D

! "!! #!!

$!%
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)
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.#*)/01# 2340/03" +5"%4/$67-
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,-
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.

(),-%/.
'*&" 01

'*#! 01

$$# -2
'*3 01

'3# 201

4!& 201

55
'

0
'

65
'

(),-%/.
'*4" 01

()
!*+"
,-

!*#$
.

!
!

!
"

ε

0.516 0.484 0%

0.733 0.267 0.544 0.456 1.62 eV 0%

0.7 0.3 0.331 0.669 1.32 eV +1%

894 nm

Eg = 1.9 eV

1.6 − 1.63 eV

8 nm

1.32 eV 1.32 eV

+1%

TE 2 nm

1.62 eV



1.40 eV = 884 nm

10 nm

a = 4.3×10−4 eV/K

b = 224 K

n

∆Eg = −cn1/3

c = 25 meV/(1018 cm−3)1/3

∆Espon ∝ n2/3

+15 nm

ntr nthr

~k

3 × (11 + 11) |〈ξn|ξm〉|

L(ν)

ntr = 1.8 × 1018 cm−3

ntr nthr = 2ntr
λmaxg = 900 nm

nthr
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0.44%

αH

∆νS−T−H =
Rspon
4πI

(1 + α2
H)

Rspon I

αH

Rspon

∆νc

αH(~ω0, N) ≡ −∂nR/∂N

∂nI/∂N
= −4π

λ

∂nR/∂N

∂g/∂N

n(~ω0) = nR + jnI = nR(~ω0) + j λ0
4πg(~ω0, N)

N

∆g(N)

∆nR(N) = αH × ∆g(N)

αH = 0

Rspon

χ = χR + jχI

χR(ω) =
2

π
P
∫ +∞

0

ω′χI(ω′)
ω′2 − ω2

dω′

=
1

π
P
∫ +∞

−∞

χI(ω
′)

ω′ − ω
dω′ = H(χI)



P

P
∫ +∞

−∞
≡ lim

ε→0

(∫ −ε

−∞
+

∫ +∞

+ε

)

∆nR(~ω, ζ)
def
=

∂nR
∂ζ

(~ω, ζ)dζ = H(∆nI(~ω, ζ))

ζ = N

αH
dg
dN (hν,N)

λ = 894 nm
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894 nm

n = 4 × 1018 cm−3

αH ≈ 0.7 N = 2Ntr = 4 × 1018 cm−3 3

5 2D

αH

αH = 2D −
√

2D2 − 1 − σ

3
D1/3

D =
N

Ntr
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894 nm

n = 4 × 1018 cm−3

σ

0.5 3 λ, αH
Nthr = 2Ntr

αH = 1.75

αH

αH

2D

αH

αH

2 3

1 + α2
H ≈ 10



∆λ = λg − λl
900 nm 894 nm

Rspon

Rspon = Γvggnsp

nsp

nsp(hν) =
fc(Ec)(1 − fv(Ev))

fc(Ec) − fv(Ev)
=

1

1 − e
−
(

∆EF −hν

kBT

)

1

g

∆νS−T−H = hν
Γv2

gαmg

4πPout
(1 + α2

H)nsp

KP

KP =

∣∣∣∣∣∣∣∣

∫∫∫
|E(x, y, z)|2dxdydz

∫∫∫
E(x, y, z)2dxdydz

∣∣∣∣∣∣∣∣

2

KP = KtKz

Kt



!

"# $

n
1

n
2

n
1

R1 = R2 = 0.3 Kz = 1.13

Kz ≈ 2

∼ 2

Rspon = ΓβmBnp

βm
βm

m

∆νS−T−H =
πhν(∆νc)

2

Pout
ξ(1 + α2

H)

ξ = KPnsp

g = αm+αi
αmg ≈ (αm+αi)

2 αi ≪ αm

ξ(1 + α2
H) ∼ 4 × 10 = 40



1/Pout

g(z) =
g

1 + εss(z)

εs ∼ 2×1017 cm3 s(z)

T s

∆νNLS−T−H =
Rspon
4πI

(
1 + (αdfbeff )2

)

1/f

∆EFleak
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!!

!!"

!!#

"#$%%&'()#$%%&'() = 0

!*($)

!+($)

$

∆!! &($,

∂n

∂t
=

1

e
∇· ~Jn + (Gn −Rn)

∂p

∂t
=

1

e
∇· ~Jp + (Gp −Rp)

~Jn = eµn( ~E)n~E + eDn∇n
~Jp = eµp( ~E)p ~E + eDn∇p



~E = −∇V
∇· ~E =

ρ

ε
, ρ = e(p− n+Nd −Na)

∇·
(
~Jp + ~Jn + ε

∂ ~E

∂t

)
= 0

∇ G R
~J D µ

Na Nd V

ρ

~Jn ~Jp V n p

~r t

z z

1

e

dJtot
dz

= Rtot(n, p)

J = Jn + Jp Rtot
d J =

edRtot(n)

Rspon = Bn2 =
n

τrad

Rnr = An =
n

τnr
A =

n

τe + τh

τe τh 0.1

10 ns

RAuger = Cn3

1 µm

ηi

ηi =
τQWrad + τQWnr
τ totrad + τ totnr



ηi = ηi(n, T )

n

JQW = ed(AnQW +Bn2
QW )

Jtot ∼ a+ bn+ cn2

1D

V V n p Jn Jp)(z) Rspon(z)

Rnr(z)

z

EF
Rst = vgg(n)s s

s





∂n

∂t
= ηi

J

ed
− (An+Bn2) − vgg(n)s

∂s

∂t
= Γvgg(n)s− s

τc
+ βΓBn2

Γ τc

Γg(nthr) =
1

vgτc
= αi + αm

nthr = ntr exp

(
αi + αm

Γg0

)

s = ηi
J − Jthr

(ed)g(nthr)vg

Pout = ηq,ext

(
hν

e

)
(I − Ithr)

ηq,ext = ηi
αm

αm + αi



I = J × S S

ηq,ext ηext
W.A−1

ηext =
dPout
dI

T ηi(T )

(n, J) (J, g)

Jthr = Jtr exp

(
αi + αm

Γg0,J

)

g0,J ntr(T )

Jthr(T
′) = Jthr(T ) exp

(
T ′ − T

T0

)

ηi(T
′) = ηi(T ) exp

(
T ′ − T

T1

)

T0 T1

Pout
∆I = ηi(I − Ithr)

(Γg)2

g

αm

αi
1 αm



L R

κ×L κ cm−1

nsp

∆EF nsp

ηiJ/e vgg(n)s

s

J

s n

FX(t)

780 nm 1080 nm

894 nm

D2 852 nm

> 100 mW
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κ

κL 1

1 2.5 mm

780 nm

κ 1 cm−1 5 cm−1

2 mm

95%
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808 nm

[100]

D2

D1

100 nm

UV

450 nm

UV

8 nm

2 3
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!./8

894 nm 852 nm

Na =

1019 cm−3 Nd = 2 × 1018 cm−3



8 nm

2 × 0.45 µm

25%

894 nm 1.2% 1%

852 nm

Na = 1017 cm−3 Nd = 2 × 1017 cm−3

1.62 eV

λPL1 = 884 nm

λPL2 = 842 nm

90 µm
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894 nm

852 nm

ηi = 99%

J = 240 A/cm2 τe + τh = 2 ns 6 ns

B = 5 × 1011 cm3.s−1

B
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% = 1980 × '( ( !

103
)

g

J Jtr = 90 A.cm−2

n J

g

g = g0,J ln

(
J

Jtr

)

g0,J = 1980 cm−1 Jtr = 103 A/cm2

g0,J Jtr

Γ

n(J) J

852 nm 894 nm



1.55 µm

850 nm 800 − 900 nm

D2

D1

EΓ
g eV n894 nm

R n852 nm
R

ε = +1%

= 25%

= 12%

2 −

D1 D2

Γ EΓ
g

Eg

n2
R = 1 +

13.62

(Eg + 3.4)2

eV

T

∂nR
∂T

= 2 × 10−4 K−1



∆nR = −
(

e2λ2

8π2c2ε0nR

)(
n

m∗
e

+
p

m∗
h

)

m∗

∆nR

−(4.5 × 10−4)
λ2

nR

(
n/1018

0.09
+
p/1018

0.53

)

−(4.5 × 10−4)
λ2

nR

(
n/1018

0.14
+
p/1018

0.52

)

µm cm−3

n = Nd = 1018 cm−3 ∆nR = −1.2 × 10−3 894 nm ∆nR = −1.4 × 10−3

852 nm

85%

1017

n = p ∼ 3.5 × 1018 cm−3 ∆nR ∼ −8.4 × 10−3

900 nm

∆nR = (−2.5 × 10−21)(3.5 × 1018) = −8.8 × 10−3

∆nR = 4 × 10−3 1060 nm Nd = 1018 cm−3

2 × 10−3

10−3



cc αfci cm−1

αfci = cpp+ cnn

cp = 11 × 10−18 cm2 cn = 3 × 10−18 cm2

D1 D2

852 nm = 1.455 eV nI,GaAs = 0.074 ⇔
αGaAs = 11000 cm−1

894 nm = 1.387 eV

αGaAs(N++) = 30 cm−1

αGaAs(P++) = 750 cm−1
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1+20 3455'/

6

7

8

,

9

.

nR(~r)
~E(~r, t) = ℜ( ~E(~r)ejωt)

∇2 ~E(~r) + k2n2
med(~r)

~E(~r) = 0

nmed = nR + jnI
β



~E(~r) = ~E(x, y)ejβz

∂2

∂y2
~E(y) + (k2n2

med − β2) ~E(y) = 0

s

B p

~E(y) = Ex(y)

E B

nmed

894 nm

D2

TE0

Γ

αfci =
∑

k

Γkαi,k

Γk =

∫

layer k
|E(y)|2dy

∫

∞
|E(y)|2dy

∼ 4×1018 cm−3

ΓQW

34%

65%

j

Jthr,j = Jtr exp

(
αi,j + αm,j

ΓQW,j × g0,J

)

R1 = R2 = 0.28



ΓQW αfci
1.06% 2.5 cm−1

1.1% 2.6 cm−1
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TE0

∼ nm ∼ µm

155 A/cm2 Ithr = 12 mA

S = 2 µm× 2 mm

⊥ wy⊥
∼

0.5 µm Θy⊥
∼ 59◦

‖

D1

0.5 cm−1

TE0, TE2...



25% 12%

∆nR = +0.035

Q(1.62 eV )

9 nm

100 nm
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Jth = 164 A.cm−2 J
′

th = 1133 A.cm−2

ΓQW αfci
0.89% 1.8 cm−1
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∆nlatR = ncR,eff − nlR,eff

β = 2πnR,eff/λ

nR,eff =
∑

k

ΓknR,k



h

2

∆nlatR > 0 h

∆nlatR
w
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'()* 12+,-./ 32,445.6
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%E

A.C#BB'@*
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ncR,eff
nlR,eff

h ncR,eff nlR,eff ∆nlatR (h)

h = 1.66 µm 3.24203 3.24044 1.6 × 10−3

h = 1.70 µm 3.24203 3.23997 2.1 × 10−3

h = 1.79 µm 3.24203 3.23928 2.8 × 10−3

h = 1.895 µm 3.24203 3.23811 3.9 × 10−3

h = 1.995 µm +100 nm 3.24203 3.23630 5.7 × 10−3

h = 2.045 µm 3.24203 3.23493 7.1 × 10−3

h

h wc

w

h = 1.79 µm w = 4 µm

∆nlatR = 2.5 × 10−3 w



h ncR,eff nlR,eff ∆nlatR (h)

h = 1.66 µm 3.26788 3.26672 1.2 × 10−3

h = 1.79 µm 3.26788 3.26586 2 × 10−3

h = 1.86 µm 3.26788 3.26528 2.6 × 10−3

h = 1.96 µm +100 nm 3.26788 3.26409 3.8 × 10−3

h = 2.06 µm 3.26788 3.26180 6.1 × 10−3

h

h ncR,eff nlR,eff ∆nlatR (h)

h = 1.8 µm 3.24 3.24 4.2 × 10−3

h
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w = 4 µm ∆nlatR = 2.5 × 10−3

88% 27%

w

weff > w
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0
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)5*+,,67
)5*+-/67
)5*+.,67
)5*+/,67
)50+1267

w h w

h wc
h

h = 1.7 µm w 3.7 µm

4 − 5 µm

10−3 852 nm



b

∆nR,tot = ∆nR,eff − ΓAZ

(
dg

dn

)
R

k0
n

R =
αH
2

ΓAZ
ΓAZ = ΓQW ΓQW ×
(dnR/dn) ∼ 0.01 × (−9 × 10−3) ∼ 10−4

Jx‖
(x)

edQW
=
n(x)

τ(n)
+ vgg(n(x))s(x) −Da

∂2n

∂x2

Da m2.s−1

s(x)

∆nR,tot

∆nR,opt = 4.5 × 10−3

Da = 10 cm2.s−1

Da = 22 cm2.s−1

8 nm

2 × 10−3



w, h
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" #01

" #02

ρp

ρp =
1

epµp

µp ρp

Jy⊥
(x) =

Js

1 +
|x| − w/2

ls

− w/2 ≤ y ≤ w/2

= Js



Js w

ls Js
Jt

Jt = Js(1 +
2ls
w

)

ls =

√
2nkBTd

eρpJs

n 1 ∼ 2.5 d

Jt

Na = 1018 cm−3 ρp = 0.2 Ω.cm d1 = 0.235 µm

Na = 1017 cm−3 ρp = 2 Ω.cm d1 = 0.2 µm
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Js =

160 A.cm−2 ρp = 2 Ω.cm d = 0.2 µm ls = 2.5µm ρp = 0.4 Ω.cm d =

0.235 µm ls = 5.7µm ρp = 0.2 Ω.cm d = 0.235 µm ls = 8.7µm

w = 2.3 µm ρp = 2 Ω.cm d = 0.65 µm

∼ 2.3 µm

Jt = 816 A.cm−2 Js = 160 A.cm−2

200 nm

w = 2.2 µm
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Js = 160 A.cm−2 w = 2.3 µm ρp =

1.3 Ω.cm d = 0.65 µm ls = 5.7

3.8 µm Jt Js 3.8

w ≫ ls lDa

w = 90µm

∆nR,eff ∼ 3.5 − 4 × 10−3

w = 2−2.5 µm

ηt < ηi



h ∆nR,eff w

h = 1.9 µm 4 × 10−3 2.2 µm

h = 1.96 µm 100 nm 3.8 × 10−3 2.2 µm

0.55µm h = 2 µm 100 nm 3.7 × 10−3 2.2 µm

h = 1.6 µm 4 × 10−3 2.2 µm

w

2× ∼ 3 × 10−4

w wc

h w

h w n2D
R,eff αfci w

1/2
y⊥ w

1/e2

y⊥ w
1/2
x‖

w
1/e2

x‖
Θ

1/2
y⊥ Θ

1/e2

y⊥ Θ
1/2
x‖

Θ
1/e2

x‖

1.65/4 3.2415 2.4 0.68/1.31 3.47/6 26.9/51.6 7/12.1

1.9/2.2 3.2403 2.1 0.65/1.29 2.07/3.87 28.4/56.2 8.6/17.1

1.65/4 3.2673 2.6 0.66/1.3 3.54/6.3 27.6/52.1 6.7/10.5

2/2.2 3.2659 2.3 0.63/1.25 2/3.7 29/56.8 8.7/17.2

0.55µm 2/2.2 3.2419 1.7 0.68/1.36 2.1/4 28/54 8.5/16.4

1.6/2.2 3.2485 1.3 1.22/2.25 2.07/3.87 18.9/31.9 8.3/15.7

TE00
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TE00 w1 = 2.2 µm h1 = 1.9 µm

TE01 w3 = 7 µm h2 = 1.65 µm

h

1/e2 Θ
1/e2

y⊥ /Θ
1/e2

x‖
= 1.7

Θ
1/e2

y⊥ /Θ
1/e2

x‖
= 4.3

L ≫ λ

αm
15 nm ∼ 0.050 nm

300



!! "2 = #2$#Ω2"1 = #1$#Ω1

|%(&)|2

Γ!()*+,!

L

GaInP

GaInP

z

y

Q(1.6)

Λ-Λ

+ = −1

+ = 1

+ = −2

+ = 2

dg
1.62 eV Λ

Λm Γg
E(y)

n2
R(y, z) = n2

R,eff + ∆n2
R × f(y)g(2β0z + Ω)

nR,eff
∆nR f x g

z β0 m

Ω = Ω1 + Ω2

n2
R(y, z)

n2
R(y, z) =

∞∑

q=−∞
Aq(y)e

2jqπz

Λ
+jΩ

β0 = qπ/Λ q

λB =
2ΛnR,eff

q

k(z) = knR(z)

∂2

∂z2
~E(z) + k2(z) ~E(z) = 0

k2(z) = k2
0n

2
R(z) ≈ β2 + 2jαβ + 4κqβ cos(2β0z + Ω)



α κq
m−1

q

κq =
k2

0

2β

∫

grating
Aq(y)Ex(y)dy

∫

∞
Ex(y)dy

k0

Aq Z(y)

κq =
k2

0(n2
2 − n2

1)

2qπβ
∫

∞Ex(y)dy

∣∣∣∣
∫

grating
sin

(
2πqZ(y)

Λ

)
E2
x(y)dy

∣∣∣∣

Z(y) = wT /2 + (wz/dg)(dg − y) κq

!

"

!!

Λ"

Λ

##

$2

$1
#& #&

dg, wz wT

κq =
k2

0(n2
2 − n2

1)Γg
2qπβ

(
Λ

2qπw

) ∣∣∣∣cos

(
qπwT

Λ

)
− cos

(
qπ(wT + 2wz)

Λ

)∣∣∣∣ wz 6= 0

=
k2

0(n2
2 − n2

1)Γg
2qπβ

∣∣∣∣sin
(
qπΛm

Λ

)∣∣∣∣ wz = 0

κq κq × L ∼ 1

Λ

m = 2

nR,eff ∼ 3.24 Λ 275 nm wz = 0

k2
0(n2

2 − n2
1)/(2β) ≈ (n2 − n1)/λB rg = Λm/Λ = 0.25

κq=2 =
Γg(n2 − n1)

λB

wz



κ

S R

Ex(z) = S(z)e−jβ0z +R(z)ejβ0z

R(z) = a1e
γz + a2e

−γz

S(z) = b1e
γz + b2e

−γz

γ2 = (α− jδ)2 + κ2

a1 a2 b1 b2 γ

δ = β − β0

(γL)2
{

(1 + r1r2)2 − 4r1r2 cosh2(γL)
}

+ (κL)2 sinh2(γL)(1 − r2
1)(1 − r2

2)

+ 2jκL(r1 + r2)(1 − r1r2)(γL) sinh(γL) cosh(γL) = 0

W (γL)

W

W r

κ = 0

{γi} r1, r2, κ

{(βi, αi)}
λB R S

Ex(z) I(z) = |ExE∗
x|
κ

D1 D2

25◦C
nR,eff = 3.2645

Λ = 261 nm

3.29

10−3



1.62 eV

rg =

0.75 rg = 0.25

Γg
κq=2 w h

n̄g = nGaInP ∗ rg + nQ(1.62 eV ) ∗ (1 − rg)

rg < 0.5 rmaxg = 0.23

κmax > 12 cm−1

Γg = 1.2% 0.55 µm

0.55

∼ 0.4% κ ∼ 7 − 8 cm−1

2 mm κL = 2.4 − 4.8

κL = 1.2 − 1.6
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κq=2

rg = 0.25

rg = 0.75 w

65% w = 20 nm

rg = 0.23



1.62 eV

∆νS−T−H

αr = 2αth
αth

∆νS−T−H = KPnsphν
v2
gαrg

4πPout
(1 + α2

H)

αr ∼ 1

(κL)2L

κL ≫ 1

ηd



R1 = R2 = 0 κL = 1.5

λ αr cm−1

δ αthr

κL = 0, R1 = R2 = 0.03 3%

κL = 1, R1 = R2 = 0

!" = 0, #1 = #2 = 0.03

!"#$% !"#$& !"#$' !"#$# !"#$( !"#$)
*

#
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.
51
00
/
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67
8
9%
:

;3</5/2=4> 628:

!" = 1, #1 = #2 = 0

$#

∆$$#

λ αr L = 2 mm

κL

∆λSB
αm = 17.5 cm−1

NSB =
∆λSB
∆λFP

NSB = 1.5 ∼ 0.1 nm



Ω

κL = 1 = 5 cm−1 × 0.2 cm

r2 =
√

0.95 Ω2 ∈ [0, 2π[ r1 = 0 r1 =
√

0.03 Ω1 = 0

Ω
2

= "
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Ω
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Ω
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Ω
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Ω
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Ω

2
= −"/2

Ω
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Ω
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= 0

Ω
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Ω
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r2 =
√

0.95 r1 = 0 Ω1 = 0

Ω2 ∈ [0, 2π[ r2 =
√

0.95 r1 =
√

0.03 Ω1 = 0

Ω2 ∈ [0, 2π[

Ω2 = π/2

Ω2 = −π/2
6 cm−1

nm

SMSR 100%



∆αnet SMSR

∆αnet ≃ SMSR(hνvg)nspαr(αr + αi)

Pout

SMSR = 104 hν = 1.386 eV vg = c/ng ng = 3.7 nsp = 1.4 αr = 4 cm−1 αi = 2 cm−1

∆αnet = 0.08 cm−1

R1 = |r1|2 = 0.03

λB
λ ≫ λB λ ≪ λB

αm = 8.9 cm−1

κL

αnet cm−1 ∆αnet cm−1 NSB (1)

κL = 0.5 R1 = 0 7.9 − 11.9 ⋆ 9.1 0 − 6.2 ⋆ 3.5 1.3

κL = 0.5 R1 = 0.001 7 − 10.9 ⋆ 9.2 0 − 5.7 ⋆ 3.1 1.3

κL = 0.5 R1 = 0.03 4.8 − 8.9 ⋆ 8.7 0 − 3.4 ⋆ 1.2 1.2

κL = 1 R1 = 0 3.8 − 7.3 ⋆ 5.3 0 − 6.5 ⋆ 3.6 1.5

κL = 1 R1 = 0.001 3.5 − 7.6 ⋆ 5.3 0 − 6.6 ⋆ 3.6 1.5

κL = 1 R1 = 0.03 2.6 − 7.2 ⋆ 6.1 0 − 4.5 ⋆ 2 1.2

κL = 1.5 R1 = 0 2 − 5.5 ⋆ 3.4 0 − 6 ⋆ 3.3 1.7

κL = 1.5 R1 = 0.001 2 − 5.5 ⋆ 3.5 0 − 6.1 ⋆ 3.3 1.6

κL = 1.5 R1 = 0.03 1.5 − 5 ⋆ 3.5 0 − 4.6 ⋆ 2.4 1.3

αnet
∆αnet αnet

min − max ⋆ average

NSB 8 × 8

κL

κL

1 2

8 × 8

Ω1 Ω2



∆αnet κL ∈ [1, 1.5]

κL = 1.5 L = 2 mm αr ∼ 3.5 cm−1

α ∼ 2 cm−1

κL

2 mm

2 cm−1 1.3 cm−1 +16%

αH = 2.5 KP =

KtrKz 1

Ktr = 1

Kz =

∣∣∣∣∣∣∣∣

∫
|E(z)|2dz

∫
E(z)2dz

∣∣∣∣∣∣∣∣

2

κL = 7.5 cm−1 × 2 mm = 1.5 Kz ∈ [1, 3.4] Kz = 1.38 R1 = 0.03 R2 =

0.95

nspKz =

Kz

κ = 2.5 cm−1 L = 2 mm R1 = 0.03 1.93

κ = 5 cm−1 L = 2 mm R1 = 0.03 1.72

κ = 7.5 cm−1 L = 2 mm R1 = 0.03 1.38

κ = 7.5 cm−1 L = 2 mm R1 = 0.001 1.75

κ = 10 cm−1 L = 1.5 mm R1 = 0.03 1.4

Kz

R2 = 0.95

8 × 8

1.4×1.38 ∼ 2 κL = 1.5 (1+α2
H) = (1+2.52) = 7.25

∆νS−T−H = 16.8 W.cm2.Hz × αr(αr + αi)

Pout

κ = 7.5 cm−1 L = 2 mm αr ∈ [1.5, 5] cm−1 αi = 2 cm−1 Pout = 40 mW ∆νS−T−H ∈
[2.5, 15.8] kHz

2 mm 90 kHz

40 mW κL = 1

αH
3.5 nsp



2

∆νc,eq

(∆νc,eq)
2 =

(
1

2πτc,eq

)2

=
1

π

v2
gαr(αr + αi)

4π

∆νc,eq = 6.3 GHz αr = 4 cm−1

∆ν κ

κ

∝ L3

2 − 2.5 mm

1.5

RS T V 2.Hz−1

SV = 4kBTRS

Sx ∆x

x ∆t ∆x ∼ √
Sx∆f

f ∆f ∼ 1/∆t ∆f

∼ 1Ω

ngL



CTEGaAs = 6.9 ppm.K−1

2 mm ∆L ∼ 14 nm.K−1

FSR ∆ν = 14 kHz.K−1 10−3

1 10 ms

∼ 25 GHz.K−1

10−4

σ σ =

enµ n µ

SR
R2

=
SV
V 2

=
SI
I2

=
εH
Nfa

R V

I 1/f f

a ∈ [0.8, 1.4] εH α

N



εH

εH,meas =

(
µmeas
µlatt

)2

εH,latt

εH,latt
10−5 10−3

µlatt µmeas

τ

! !

!

SR
R2

=
∆N2

N2

4τ

1 + (2πτf)2

1

∆N2
=

1

N
+

1

Xn
+

1

Xp

Xn Xp

f0 = 1/τ 1/f

τ

t → ∞



1/f

1/f

1/f

1/f

1/N ∝ 1/V

V V = (w × d) × L d

N = n×V

dQW = 8 nm

dSCH ∼ 1 − 2 µm

NQW = 4.1018 × dQW = 3.2 × 1012 cm−2 NSCH = 1017 × dSCH = 1.8 × 1013 cm−2

62

εH,latt

Jth
N w L

1/f w



852 nm

!"#$"%&'(

)*+

!
!"#

!
$

"
% "

&

#
%

#
&

$
&$

%

τs τe

Pr Le Re
Ls Rs Pout

fFB =
Pr
Pout

fFB = Re
dB

Re Le τe
τs Rs

τγ,eff φe
Rs = Reff,DFB

κL

αr,eff

2 − 3%

fFB

Le φe fFB −80 dB



Le φe

GHz

Le

fFB

X > 1 X

!
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Le fFB

X = 2|C|τe
τs

√
fr

√
1 + α2

H

τe = 2Le/c τs = 2ngLs/c

Le
C

CFP,s = −1 −Rs

2
√
Rs

CDFB,s =
2(1 − |rs|2)e−jΩs(κ2 + q2)L2

jκL(1 + r2
s) − 2rsqL


2qL−

∑

k=s,2

(1 − r2
k)κL

2jqLrk + κL(1 + r2
k)




−1



rk =
√
Rke

jΩk

k q = α− jδ

k = s = 1

CFP = 0.68

CDFB,s

C

C

Γc

Γc = 10 log

(
ω4
rτ

2
s

16|Cs|2(1 + α2
H)ω2

d

)

ωr
ωd

ω2
r =

Γvg
e

dg

dn
ηi

(I − Ith)

V

ωd = Kω2
r + γ0

V K ∈ [0.1, 0.5] ns γ0

τγ

τ∆N

Γc < 30 dB ωrτs, ωdτs ≪ 1 Ls = 2 mm τs = 49 ps ωr,d
∼ 12 GHz Γc τs
Cs

∆νR<IV ∈
[

∆ν0

(1 +X2)
;

∆ν0

(1 −X2)

]

∆νR=IV = ln 4
√

1 + α2fr

∆ν0

Ls Cs

κL

Cs
Rs

Cs Γc
κL Rs = 0

25 dB κL = 0.3 κL = 1.2

|δ| > 0 Γc
5 dB |δ| > 2 κL



Rs κL = 0.3

Rs > 10−3 5 dB

AR Rs = 0.03

Cs
κL = 0.5 Rs = 0 3.7

κL = 0.5 Rs = 0.001 3.9

κL = 0.5 Rs = 0.03 3.1

κL = 1 Rs = 0 1.5

κL = 1 Rs = 0.001 1.5

κL = 1 Rs = 0.03 2.7

κL = 1.5 Rs = 0 0.8

κL = 1.5 Rs = 0.001 0.8

κL = 1.5 Rs = 0.03 0.9

Cs 8 × 8

Cs

Rs
κL = 1.5

5 κL = 0.5 X > 1

fFB > −47 dB Le ∼ 10 cm αH = 2.5 fFB > −60 dB

κ

−70 dB

0.1%

100 µm fFB = 0.5% X

Le = 100Ls



Cs

∆nR w L κL R2 −R1 Cs
4 × 10−3 2 − 2.5 µm 2−2.5 mm 1.5 95%−0.1% < 1

3

3

600◦C

µm

2′
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1.62 eV

2 nm

8 nm

mm µm 2′

2 2

30 nm

1.62 eV

2

µm
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L l = 350 µm

∼ 200◦C

30 µm

50 µm
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850 − 900 nm

10 kΩ



±100 µm

GHz



1 A 5 A ±0.1% +0.5 mA

±10 mV

±0.1 Ω 100 mA

Rs = Rmeas − Rp
Rp

Rs < 100 mΩ

∼ 10 mK

Pout < 1 W

400 − 1100 nm

±3% 1 W

µm

2 pm

−85 dBm



fm

FSR ∼ 60 pm r

r

894 nm 852 nm

w = 90 µm h < 1 µm

100 µm

2 3 4 mm



2 mm 894 nm Ithr = 380 mA 20◦C
ηd

αi
ηi Jtr

ΓG0 T0 T1
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Ithr mA ηd W/A Rs Ω 1 A Vc V λthr nm

20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C

2 mm

3 mm

4 mm

Ithr mA ηd W/A Rs Ω 1 A Vc V λthr nm

20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C

2 mm

3 mm

4 mm



αi cm−1 ηi 1 Jtr A.cm−2 ΓG0 cm−1

2.3 95% 94 13.8

2.2 95% 110 15

T0
◦C T1

◦C
138 500

127 600

T0 T1

2.1 cm−1

Jtr = 85 A.cm−2 Jtr = 110 A.cm−2

ΓQW = 1.4% G0 = 1000 cm−1

G0

1980 cm−1

αi = 2 cm−1

1.55 µm

852 nm

20◦C λg ∼ 856.5 nm

λPL = 840 nm 16 nm

L

894 nm λg ∼ 882.5 nm

λPL = 885 nm
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L = 2 mm

T = 20◦C λg ∼ 882 nm

L = 2 mm T = 20◦C λg ∼ 856 nm

60 − 70◦C

852 nm

UV

530 nm

s p

90◦

tTE =
PTE

PTE + PTM

PTE

tTE
500 mA 1500 mA

97.4% 97.8%

97.1% 99.5%

100 %



100

894 nm

852 nm

Λ

neff Λ0

neff,XXL2029 = 3.2691 neff,XXL2020 = 3.2898 w = 3 µm

Λ−2 272 nm 259 nm

Λ−1 273 nm 259.5 nm

Λ0 273.5 nm 260 nm

Λ+1 274 nm 260.5 nm

Λ+2 275 nm 261 nm

Λ

w = 3.5 µm w = 4 µm h = 1.6±0.1µm

∆nR,eff ∼ 1 × 10−3

L = 1.5 mm L = 2 mm L = 2.5 mm

3% 95%

852 nm

190 A.cm−2 2 mm

Jth = 625 A.cm−2 2 mm w = 4 µm 20◦C
ηi

w



Ithr mA ηd W/A Rs Ω Vc V λthr nm 120 mA

20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C
1.5mm

275 nm

1.5mm

F −P

2 mm

275 nm

2 mm

273.5 nm

2 mm

272 nm

Ithr mA ηd W/A Rs Ω Vc V λthr nm 120 mA

20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C 20◦C 40◦C 60◦C
1.5mm

261 nm

1.5mm

260.5 nm

2 mm

261 nm

2 mm

260.5 nm

2.5mm

260.5 nm



L = 1.5 mm Λ = 275 nm

55◦C
20◦C

λg = 876 nm

890 nm

λB
20◦C

852 nm 20◦C
60◦C
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Λ = 275 nm 67◦C/155 mA

Λ = 261 nm 25.8◦C/120 mA 50 dB

40 dB D1 D2
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Λ = 275 nm 140 mA

20mW

70◦C
894 nm

λg ∼ 884 nm



Λ = 275 nm D2

neff,25◦C =
λB,25◦C

Λ

852 nm

D2

Λeff = 275.8 nm D2 25◦C

neff,exp 3.2425 3.2645

neff,theo 3.2415 3.2673

Λeff 275.8 nm 261 nm

25◦C

GHz.K−1

nm.K−1

∂λB/∂T 20.5 GHz.K−1 22 GHz.K−1

∂λB/∂I L = 2 mm 1.2 GHz.mA−1 1 GHz.mA−1
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5670 869

Λ = 275 nm 140 mA

∂λB
∂T

= Λ
∂nR,eff
∂T

∂nR,eff/∂T = 2.10−4 K−1

PJ = V × I − Pout Pout

∂λB
∂I

=
∂λB
∂T

× ∂T

∂PJ
× ∂PJ

∂I

∂T/∂PJ Rth =
∑
i ρth,idi/Seff

ρth,i di i

Seff = L× weff

∂λB
∂I

= Λ
∂nR,eff
∂T

×Rth × (2RsI + Vc − ηd)

(
I,
∂PJ
∂I

)

Rth =
∂λB
∂I

×
(
∂λB
∂T

)−1

×
(
∂PJ
∂I

)−1

=
1.2 × 103

20.5 × 1.268

= 46 K.W−1

2 mm

∼ 150 pm



0.25 nm.K−1

b

wn = 3.5 µm

wT = 3.5 µm

wT = 4 µm

wT ∼ wn − 0.5 µm wB ∼ wn + 1 µm

h

!"#

$%&'"#

("#

! )*+,-.

h = 1.75 µm

h = 1.65 µm

∆nR = 2.3×10−3

∆nR = 1.6 × 10−3

wc = 4 µm wc = 4.75 µm

w

rg ∼ 46%

25 − 30%

κ = 4.5 − 5 cm−1



!"#$%

&!$%

''(!#!#

!)*$%

''(!#!&

+!)$%

Λ = 273.5 nm 894 nm

Λ = 260.5 nm 852 nm
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2.5 mm

wn = 3.5 µm
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55 mA 125 mA

125 mA

175 mA 275 mA

4

275 mA

894 nm

852 nm

w0

d >> zR
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wn = 4 µm h = 1.75 µm

Θ
1/2
y Θ

1/e2

y 28.7◦/52.1◦ [31.5◦/53.8◦] ± 2◦

Θ
1/2
x Θ

1/e2

x 7◦/12.1◦ [6.8◦/11.8◦] ± 2◦

L = 2 mm wn = 4 µm h = 1.75 µm

883 nm 20◦C

300 mA

01

300 mA
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L = 2 mm wn = 4 µm h = 1.75 µm
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1/e2 L = 2 mm wn = 4 µm h = 1.75 µm

I = 300 mA

1/e2 w
1/e2

x 300 mA

w
1/e2

x = 5.5 µm



κL

R1 = R2 < 0.5%

κL

κL κL ≥ 1

κL < 1

0.01%
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NSB κL R1 = R2 = 0.5% R1 = R2 = 0.01%

R1 = R2 = 0.5%

∆λSB = 0.1±0.05 L = 2 mm ∆λFP = 0.048±0.01

NSB = 2.1 ± 0.1

2.1

1.8 1.95 κL ∈ [1.6; 2.15]

894 nm

D1



D1

60

!"

#$"

%$"

&'( )!*+,-./+,0

123-&'( )'4567-8962:0

&94;

&'( )!*+,-./+,0

123-&'( )(<-=2;90

&94;

*"

."

%%"

>>?!/!/ )%*! 3=0
2@96 *% ;9@<A9B

>>?!/!C )%C$ 3=0
2@96 D! ;9@<A9B

62

80%

7%

70◦C 14%

5% 2%



D1 D2

852 nm

w

h

κL

80%

894 nm

w h

894 nm 40 mW 165 − 180 mA

T = 65 − 70◦C



δ



µ





µ

µ

λ











τc
τc

~k

x(t) P

X t {xi(t)}
∆t = 1 s

t = 0 s

P x(t) ∆x(t)2
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x(!)=0

P(x)

0 1

∆x(!)

x t

P x(t) = 0 ∆x(t)

∆t = 1 s

t x

T = ti+1 − ti

x(t) =
1

∆t

∫ t2

t1
x(t)dt =

1

N

N∑

i=1

x(ti)

∆x(t)2 =
1

∆t

∫ t2

t1
(x(t) − x(t))2dt =

1

N

N∑

i=1

(x(ti) − x(t))2

∆t = t2 − t1 ti ∈ [t1, t2] N = ∆t/T x

x(t)

X t

∆t x(t)

∆x(t)

x Rx

Rx(τ) = lim
∆t→∞

1

∆t

∫ ∆t

0
x(t)∗ × x(t+ τ)dt

∗
x

xi



∆t f = 1/t

x̂ x

x̂(f) = F [x(t)] =

∫ ∞

−∞
x(t)e−iωtdt

ω = 2πf x ∆x̂(f)2

∆f = f2 − f1 x(t) = 0

∆x̂(f)2 =
1

∆f

∫ f2

f1

x̂(u)∗ × x̂(u)du

∆f → 0 f → ±∞
x

xRMS ≡ ∆x̂(f) =

√√√√ lim
∆t→∞

1

∆t

∫ + ∆t
2

− ∆t
2

x(t)2dt =

√∫ +∞

−∞
Sx(f)df

Sx(f) ≡ x̂(f)∗x̂(f) = |x̂(f)|2

Sx x

f ∈] − ∞,+∞[

]0,+∞[ x

U Sx U2.Hz−1

Sx(f) = F(Rx(τ)) =

∫ +∞

−∞
Rx(τ)e−iωτdω

Sx
RMS x

x

Sx(f) = |x̂(f)|2
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x

1/f

f f ∼ 1 Hz

1 s

Sx
Rx

∼ N2 ∼ N ln2N

N−

x r

S0 = 7.5 × 107 U2.Hz−1

Sx(f) = S−1/f S−1 = 1.5 × 1010 U2

P xi(t)

P = N (µ, σ)

X



p

p(x) =
1√

2πσ2
e

−
(x− µ)2

2σ2

µ σ2 X σ

P

P = P(k, λ) p(k) k

λ

p(k) =
λke−λ

k!

λ ≫ 1 N

b

x

N

∆x(t) ∼ 1√
N

N = 100 ±
√

100 = 10%

N

b

x(t)

AV AR = σ2
y(τ) =

1

2(N − 1)

N−1∑

i=1

[x(ti+1) − x(ti)]
2

x(ti) x τ

RS T

V 2.Hz−1

SV = 4kBTRS



SV = 1.6 × 10−20 V 2.Hz−1 RS = 1 Ω

I

SI(f) = 2eI

I I = 50 mA SI(f) = 2eI = 2 × (1.6 × 10−19) × 0.05 = 1.6 ×
10−20 A2.Hz−1 1 Ω

dts fs = 1/dts
f

x

x fs

fs ≥ fmax − fmin
2

fmax fmin x̂

fs
fmax = 10 MHz fs ≥ 20 MHz

fs
fmin fmin =

1 Hz ⇐⇒ tmax = 1 s Ns = fs × tmax ≥ 20 MS

Rd
[1; 100] Ω G

Re ∼ MΩ vDL
vout = G × vLD

v(t)

50 Hz



!"#$ %&$'(

!" #$%$

"&'&()*
+),-*./

!"#"$"%

01*()'.
),-*&2./

"34

.*.5(/&5 +56.,.

78//.9(
+18/5.
:;)((./<=

71,-8(./
:>>( )9)*<+&+=

?@

?.
A!" B$A!"

A

!"#$%!&' (&))#*%#+ ,-'.

/&))#*.0(%&+#1 &!)%2# +344'%#+

+24 V

±15 V

G = 103 G2 1 MHz

Sfloor = 5.5×10−19 V 2.Hz−1 100 Hz

Sv(f = 100 Hz) = 1.5×10−18 V 2.Hz−1

Req Sv(f = 100 Hz) = 4kBTReq ⇐⇒ Req = 91.2 Ω

∼ 50 mA ⇒ R = 480 Ω



50 MHz 100 MS.s−1 128 MB
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!!"##$ = 5.5 × 10−19 $ 2.% &−1

!((100 %&) = 1.5 × 10−18 $ 2.% &−1

Sv/G
2

I = 0 mA

50 Hz

1 MHz fs = 10 MS.s−1 Ns = 4 MS

SI A2.Hz−1

Rd

SI(f) =
Sv,measured
G2R2

d

Rd(I)

b

r

x

Π

1 [−∆t/2; ∆t/2]

F(Π × x(t)) = Λ ∗ x̂(f)

Λ(f) = ∆t× Sinc(π∆tf) =
sin(π∆tf)

πf

t → ±∞



∆N = 104

852 nm 894 nm

852 nm

L Tmeas
894 nm 2 mm 27◦C
887 nm 2 mm 27◦C
852 nm 1.5 mm 27◦C
852 nm 1.5 mm 27◦C

1 nA

0.2 A

10 µA

Rshunt

I = Is

[
exp

(
eV

mkBT

)
− 1

]
+

V

Rshunt

Is m
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Rd

Rd = ∂V/∂I 10 µA 10 mA

I−1

Rd =
mkBT

eI
+Rs

Rd → Rs
2 mm−



50 − 70 mA Rd

m ∼ 2 − 2.4

10−20 A2.Hz−1

20 kHz
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I 27◦ C S̄

1 kHz

18.9 kHz I = 5 mA

Sv(f) = 2.7 × 10−15.f−1 + 7.5 × 10−19 V 2.Hz−1

Sfloor
100 Hz

I

I = 80 mA
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I = 5 mA

Sv(f) =
1.5 × 10−13

f1.15
+

1.08 × 10−11τ

1 + (2πfτ)2
+ 8 × 10−19

I = 5 mA



10 − 100 kHz

Sv(f) =

1.5 × 10−13.f−1.15 + 1.08 × 10−11τ.(1 + (2πfτ)2)−1 + 8 × 10−19 V.Hz−1 τ = 3.1 µs

∆N/N 100 Hz

⋆

10 mA ∼ 8 Ω

1.5 mm

∼ 1.6 Ω

Sv
I2

SI
Rd ≃ Rs SI = Sv/R

2
d ∝ Sv

⋆ Sv ∼ 8 × 10−17 V 2.Hz−1

SI SI ∝ I0.8

mA I2

⋆ Sv ∼ 8 × 10−16 V 2.Hz−1

SI ∝ I1.1 mA
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Nd Na

SI ∝ I

Da = µkBT/e µ

I2

I

SI ∼ I2

∼ I2 I = 10mA

SI/I
2 = εH/fN

εH/N

εH = εH,meas = (µmeas/µlatt)
2εH,latt

≤ 1 εH,meas εH,latt

S = L×w

∼ 12 nm z

Ne

Ne = 3 × 108 L = 2 mm w = 7 µm µmeas = µlatt
SI/I

2 = εH,latt/fNe

I = 10 mA SI(f) = 6×10−17.f−1.05+5.3×10−21

εH,latt/Ne = 6×10−17/0.012 εH,latt = 6×10−13Ne

εH,latt = 1.8 × 10−4

εH,latt 10−5 10−3



50 hours

εH,latt = 1.8×10−4



Sv SI

104 Hz

1/f

1 kHz Sv SI
I

I2



δ









∂n

∂t
= ηi

J

ed
− (An+Bn2) − vgg(n)s+ fn(t)

∂s

∂t
= Γvgg(n)s− s

τγ
+ βΓBn2 + fs(t)

∂φ

∂t
=
αH
2

(
Γvgg(n) − 1

τγ

)
+ fφ(t)

− τγ
β αH Γ d

fi(t)

t

fn
fs fφ



φ = φ+ φ̃ s̃ φ̃

P (t)
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A8@74<3407>8 0/588574C

Pout ∼ 20 mW

100 Hz − 1 kHz

RIN(f) =
SP (f) − 2hνPout

Pout
2

SP Pout

Pout
2



Sshot = 2hνPout

iph
ηph

Siph

ν = (2π)−1dφ/dt

Sδν fi(t)

Sδν(f) =
1

2π
∆νS−T

{
1 + |H(f)|2 α2

H

}

∆νS−T =
Rsp
4πs

∆νS−T
H f

H

|H(f)|2 → 1 f → 0 |H(f)|2 → 0 f → +∞
S∆ν(f) = ∆νS−T−H/2π

H fr

MHz

100 Hz − 1 kHz

100 µK ∂λ/∂T = 25 GHz.K−1

10 kHz
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∆$"−#

1

"
∆$"−# {1 + |&(!)|

2
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&}

E(t) = E0

√
1 + α2

l (t)e
i(2πν0t+φ(t))

αl(t)

eiφ(t) ΓE

ΓE(τ) ≡ RE(τ) = E(t)∗E(t+ τ) ≡ lim
∆t→∞

1

∆t

∫ ∆t

0
E(t)∗E(t+ τ)dt

= E2
0e
i2πν0τei∆τφ(t)

∆τφ(t) = φ(t) − φ(t+ τ) ei∆τφ(t)

φ



ei∆τφ(t) =

e− 1
2

∆τφ(t)2

∆τφ(t)2 ≡ ∆τφ(t)2
RMS =

∫ +∞

−∞
S∆τφ(t)(f)df

∆τφ(t)2 = 4

∫ +∞

0

sin2(πτf)

f2
Sδν(f)df

ΓE(τ) = E2
0e
i2πν0τ exp

[
−2

∫ +∞

0

sin2(πτf)

f2
Sδν(f)df

]

L

L(f) = F(ΓE(τ)) = E2
0δ(f − ν0) ∗ F

{
exp

[
−2

∫ +∞

0

sin2(πτf)

f2
Sδν(f)df

]}

Sδν L
Sδν(f) → L(f)

Sδν(f) = S0

L(f) = E2
0

2π2S0

(π2S0)2 + 4π2(f − ν0)2

E2
0

∆νFWHM = πS0

S0 =
1

π
∆νS−T (1 + α2

H) ∆νFWHM = ∆νS−T−H

∆τφ(t)2

tobs1 = 0 tobs2 = +∞ Tobs = ∆t

f0 = 1/tobs2 6= 0 ΓE(τ)

Π

F(Π × ΓE(τ)) = Λ ∗ L(f) =
sin(πTobsf)

πf
∗ L(f)

Λ ∆fΛ ≃ 1.2/Tobs
∆fΛ + ∆νFWHM

Tobs . τc = 1/2π∆νFWHM

Tobs ≫ τc Sδν

∆τφ(t)2 Tobs



1/f

f0 = 0 +∞
f0 → 0

1/f0 > 0

f0 = 1/τ Sδν = S0 + S−1/f

L(f) = G(f) ∗ L(f) =

∫ +∞

−∞
G(f ′, ν0, σ)L(f − f ′, ν0, γ)df ′

G(f, ν0, σ) =
E0√
2πσ2

e− (f−ν0)2

2σ2

L(f, ν0, γ) =
E0

π

γ

γ2 + (f − ν0)2

γ = πS0/2

σ2 = 1.78S−1

f0

∆ν1/f ≃
√

(8 ln 2)S−1

[
1 + ln(2

√
S−1Tobs)

]

Tobs
α

8 GHz 10 MHz

10 MHz

ν0

1 MHz
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E1(t) = E0,1e
i(2πν0,1t+φ1(t))

E2(t) = E0,2e
i(2πν0,2t+φ2(t))

iph(t) Popt(t)

iph(t) = ηphPopt(t) ηph A.W−1

Popt(t) ∝ |E1(t) + E2(t)|2 = P0,1 + P0,2 + b(t)

b(t) = 2
√
P0,1P0,2 cos [2π∆ν12t+ ∆φ12(t)]

∆ν12 = ν0,1 − ν0,2

∆φ12(t) = φ1(t) − φ2(t)

∆ν12 ∈ [0; ∼ 10 GHz]

∆φ12(t)

∆ν12

Sδν1 Sδν2

∆ν1 ∆ν2

∆νb = ∆ν1 + ∆ν2 #2

∆ν2 ≪ ∆ν1 ∆νb = ∆ν1

∆ν1 = ∆ν2 = ∆νb/2



σ2
b = σ2

1 + σ2
2 σb =

√
2σ1

∆ν1 = ∆ν2 = ∆νb/
√

2 = 2
√

ln 2σb

∆νV ≈ 0.5346∆νL +
√

0.2166∆ν2
L + ∆ν2

G

∆νL ∆νG

∆νV1 = ∆νV2

∆νLb
= 2∆νL1 ∆νGb

=
√

2∆νG1 ∆νVb
6= ∆νV1 + ∆νV2

∆νVb
= ζ∆νV1 ζ ∈ [

√
2, 2]

41%

∆ν2 = ∆ν1/50

1 ms

√
1

∆T

∫ Ti+∆T

Ti

sin2(2πfM t)dt

fM Ti ∆T
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Ti

τd ≫ τc

fL = 8 mm

70 dB 894 nm

Ld M

fL = 8 mm 50/50
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CK

8
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ν12 = 0 Hz

∆νAOM

∆νAOM

∆νAOM = 80 MHz

ν12 = 80 MHz

DC − 100 MHz

ET (t) = E(t)+γE(t+τd)e
iΩt

γ Ω = 2π∆νAOM

ΓSHEI (τ) = I(t)∗I(t+ τ) = E4
0

{(
1 + γ2

)2
+ 2γ2 cos(Ωτ) exp [−2s(τ, τd)]

}

s(τ, τd) = 4

∫ +∞

0
sin2(πτdf)

sin2(πτf)

f2
Sδν(f)df

γ = 1 Ω = 0



sin2(πτdf)

LSHE(f, τd) = δ(f − Ω/2π) ∗ F
{

exp

[
−8

∫ +∞

0
sin2(πτdf)

sin2(πτf)

f2
Sδν(f)df

]}

1

Sδν τd

f → 0 τd

∆νSHE
L(f)

∆νSHE = 2πS0

ν0

τd ≫ τc = 1/2π∆ν

τd ∼ 10τc km

τd ≪ τc

τd
S0 S−1



∆φ(t) = φ(t) − φ0 φ0 = φ(t)

!

2"#0$ + ∆&($) ∆'($) = *"∆&($)

∆&

*"

'

&

∆'

!"#$%&'
"(&)* +$)%,$-$.&#/,

i(t) =

D(φ(t)) kφ
i

τd
τc ∆φ(t) = τd ×

(dφ/dt) = 2πτdδν(t)

Sδν(f) = Si(f)/k2
ν kν = 2πτdkφ A.Hz−1

τd

ν0

kat



kν
∆i

kν

⋆

50/50 850 nm

894 nm 90◦

Ld = τd×c/2nfiber

iph(t) = i0(1 + cos(φ(t, τd))) ≈ i0(1 + 2πτdδν(t))

Sδν(f) =
1

sinc2(πτdf)

Si(f)

(2πτdi0)2
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sinc

sinc(πτdf) ≈ 1 ⇒ f ≪ fmax = 1/πτd
Ld = 1 m nfiber = 1.47 fmax = 65 MHz

6 MHz

G fmax

Sδν(f) =
Sv(f)

G2v2
0

× 1

(2πτd)2

1
= RINMichelson × FSR′2

ν

2
=
Sv(f)

G2k2
v

kv = 2πτdv0 V.Hz−1

FSR′
ν = (2πτd)

−1

10%

1/kv 32%

Ld
Ld = 0.3 m kv = v0/FSR

′
ν FSR′

ν = 1.08 × 108 Hz

L(f)

Sδν(f)

f Sδν
−3 dB

Sδν(f) < f
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= 1 "

!
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= 0.3 "!
!

= 0.3 "
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Ld = 1 m

Ld = 0.3 m

10%

Sδν(f) > f

y = 0.56x β

∆νFWHM =
√

8 ln 2 × A

A Sδν f0 = 1/Tobs fc Sδν(f)

β

Sν̃ ≡ Sδν L
E(t)

ϕ̃(t) ≡ ∆φ(t)

H
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9 V

vph = Rf iph
Rf = 10 kΩ GTIA = Rf

GAC =
√

1000 10 MHz

50 Ω

Sfloor = 1.1 × 10−22 A2.Hz−1
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100

⋆ 894 nm

L = 2 mm

Pout = 60 mW

Si = 2.5 × 10−21 V 2.Hz−1

1 MHz

3 MHz
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f = 3 MHz

fm ≪ fr RIN ∝ 1/P 3
out

Pout = 30 mW

40 mW

60 mW

SP = η2
dSI 1 kHz

SP,@1 kHz = (0.5W.A−1)2×(8.7×10−18 A2.Hz−1) = 2.2×10−18 W 2.Hz−1



S′
P = P 2 ×RIN = (0.014 W )2 × (2.7 × 10−14 Hz−1) = 5.3 × 10−18 W 2.Hz−1

SP S′
P

⋆ 852 nm

L = 1.5 mm

Pout 14 mW 40 mW
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T = 27◦C

50 mW

60 mW 5 mW

5 mW

894 nm 852 nm

D1

DC − 100 MHz

9 KHz − 1.5 GHz

NEP =

0.8 pA.Hz−1/2 1 kHz
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0.5 − 2 MHz τc = (2π× 1 MHz)−1 =

0.16 µs τd & 10×τc ⇔ Ld & 10×0.16 µs×(3×108 m.s−1/1.47) = 325 m

Ld = 2 km

∼ 160 kHz

852 nm 894 nm 20 mW

40 mW 80 MHz 300

100 kHz

t < τd

r

894 nm 1.92 MHz

1.72 MHz Pout 960 kHz 4.1 MHz 852 nm

∆νL,20mW = 860 kHz ∆νG,20mW = 300 kHz ∆νL,40mW = 3.1 MHz ∆νG,40mW =

2.1 MHz
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20 mW 40 mW 2 mm T = 67◦C 894 nm

∆ν20mW = 1.92 MHz ∆ν40mW = 1.72 MHz

20 mW 40 mW 2 mm T = 27◦C
852 nm ∆ν20mW = 960 kHz ∆ν40mW = 4.1 MHz

τd

∆νC0171,40mW = 860 kHz ± 100 kHz

∆νC0190,20mW = 960/
√

2 kHz = 679 kHz ± 100 kHz

∆νC0190,40mW = 4.1/
√

2 MHz = 2.9 MHz ± 100 kHz

τd

852 nm

894 nm 894 nm

20 mW

∆νL = 1.92 MHz ∆ν = 960 kHz ∆νV = 960 kHz ∆ν = 680 kHz

∆νL = 860 kHz

∆νG = 300 kHz

40 mW

∆νL = 1.72 MHz ∆ν = 860 kHz ∆νV = 4.1 MHz ∆ν = 2.9 MHz

∆νL = 3.1 MHz

∆νG = 2.1 kHz



! "! #! $! %! &! '! (! )!
!*!

!*&

"*!

"*&

#*!

#*&

$*!

$*&

%*!

%*&

!"#$% &'()

*
+,
$
#
+-
./
0
12
-
3
&4
5
6
)

)&# +, - .!##'
)/% +, - .!"/&

1 mm 2 mm

κ

150 mW



ν̃(t) = δν(t)

→

1 Hz

∆ν ∼ 1 MHz Ld = 30 cm FSRν = 54.1 MHz ≫ ∆ν

∆T = 1 mK 1 s

∆νT = 25 MHz

∆V = kv ×δν = (Gv0/FSR
′2
ν)×∆ν G = 103

v0 ∼ 1 V ∆V ∼ 0.1 V

5 × 10−16 Hz−1

Sart = RIN × FSR′
ν

2 = 1.5 Hz

∼ 105 Hz2.Hz−1

v0

Ld

δν/δI

⋆ 852 nm
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v0

Sδν

Pout

S0 = (2.3 × 106 Hz.mW )P−1
out − 11.8 × 103 Hz

Pout

50 mW

29 mW
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2.33 × 10
6

"#.$%

&
"#$

− 11.8 × 10
3

"#

;I*/# &)*+#

J*&#." !*/

0KG &)*+#

< 0< >< ?< @< A< C<

0<
L

0<
D

1 MHz P−1
out 5 mW 50 mW

2.3 × 106 Hz.mW 1 kHz Pout

⋆ 894 nm

L = 2 mm

L = 1.5 mm
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!(") =
5 × 1011

"1.45
+ 8.5 × 104

!(") =
1.6 × 1011

"1.23
+ 1.75 × 105

Pout = 40 mW

Sδν(f) = 5 × 1011.f−1.45 + 8.5 × 104 Sδν(f) = 1.6 × 1011.f−1.23 + 1.8 × 105

1.5 mm 11−17 mW

20 − 50 mW 40 mW

αr α 1/fα

∼ 1 MHz
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H
→ r

→ →

1 s 50 − 100 MHz fs = 100 − 200 MS.s−1

200 MS

3 GHz 103

16%
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→
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!')94-%(:0345
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∆ti N = t/∆ti
F

∆ti

L∆Ti
(f) = F(b∆Ti

(t)
)× F∗(b∆Ti

(t)
)

∆ν∆Ti
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∆Ti = 2.1 ms
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∆νc = ∆ν∆Ti
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(∫ +∞

0
L∆Ti

(f)df
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∫ +∞

0
L2

∆Ti
(f)df

L2
∆Ti

∆νc

∆νc = ∆νFWHM/π

∆νc
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1.55 µm
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∆T = 10 ms β−

β−

894 nm ∆νc

β− β−

1 ms β−
∆νc

δν(t) b

→ →

L(f) = F(Γb(τ)) = F∗(b(t)) × F(b(t))
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∆T = 3 ms ⇔ fobs = 333 Hz ∆νc = 1.5 ± 0.275 MHz

∆νFWHM = 1, 05 MHz

∆νFWHM,L = 218 ± 126 kHz ∆νFWHM,G = 826 ± 346 kHz
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< −22 dB

S0 = 105 Hz S0 = 2 × 103 Hz

S−1 = 8.6 × 103 Hz S−1 = 2 × 106 Hz 3 kHz

102 − 103 Hz

fFB > −22 dB

GHz

τc < τd
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⋆ 852 nm

852 nm

S0 = 2.5 × 106 Hz

Pout = 40 mW 2.5 × 106 × π = 7.9 MHz

S−1 = 2.8 × 106 Hz Pout = 40 mW f = 1 kHz

S−1 = 7 × 107 Hz

Pout = 20 mW

fFB ∼ −22 dB

f = 200 Hz

Pout = 150 mW

fFB ∈ [−28,−18] dB
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∆νS−T−H × Pout = KPnsphν
Γv2

gαrgth

4π
(1 + α2

H)

Pout S0 × Pout = ∆νS−T−H/π × Pout
S0 ×Pout = 5.4 ± 0.2 MHz.mW

L = 2 mm

KPnsp = 1.72 × 1.4 κL = 5 cm−1 × 0.2 cm = 1 hν = 1.386 eV

vg = c/ng ng = 3.7 gth = αr + αi + αs = 7 + 2 + 1 cm−1 αH = 3.5

∆νS−T−H/π × Pout = 0.81 MHz.mW

KPnsp = 1.4 × 1.4 κL = 9.5 cm−1 × 0.15 cm = 1.4 hν = 1.422 eV vg = c/ng
ng = 3.7 gth = αr + αi + αs = 4.7 + 2.5 + 1.5 cm−1 αH = 3.5

∆νS−T−H/π × Pout = 0.4 MHz.mW S0 × Pout = 2.33 ± 0.1 MHz.mW

Ktr

Sδν

Sδν(f) =

(
∂ν

∂I

)2

SI(f)
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I = 100 mA

SI(1 kHz) = 3 × 10−18 A2.Hz−1 (∂ν/∂I)C0195 = 1 THz.A−1

Stheoδν (1 kHz) = 2.8×106 Hz2.Hz−1 Sexpδν (1 kHz) =

7 × 106 Hz2.Hz−1

SI(1 kHz) = 9.2 × 10−15 A2.Hz−1 (∂ν/∂I)C0314 = 1.5 THz.A−1

Stheoδν (1 kHz) = 2.1 × 1010 Hz2.Hz−1 Sexpδν (1 kHz) = 6.6 × 106 Hz2.Hz−1

SI Sδν f−1.1

f−1.4

δν =
vg
4π
αHδg



g = ΓG0 ln(I/I0) δg = ΓG0δI/I

Sδν(f) =

(
ΓG0c

4πng
αH

)2
SI(f)

I2

SI

Sδν(f) =

(
ΓG0c

4πng
αH

)2
εH
Nfa

, a ∈ [0.8, 1.4]

ng = 3.7 ΓG0 = 13.5 cm−1 αH = 3.5 SI(1 kHz)/I2 =

3×10−16 Hz−1 I = 100 mA Stheoδν (1 kHz) = 2.8×105 Hz2.Hz−1

αH,eff

αH > 10

852 nm



τ2
γ

τγ

∆νECDL ≃
(
neffLs
neLe

)
∆νLD



∆ν

Sδν

∆νS−T−H = πS0

Sδν
∆ν

∆ν

Sδν

894 nm

∆νFWHM ≈ 1 MHz ∆νc ms

αH











D1 D2

g x s

y



LT y(t) = g ∗ x(t) g

Y (s) = G(s)X(s) G

s

Dynamical
system g

!(")

ℒ
!

$(")

%(&)
' (&)*(&)

X

CorrectorError
calculation

System

Measurement

errorreference command

perturbation

output

noise

!(")

#(")

$(")

% (")

&(")
' (")*(") +(")

X Y

C P G N H

ν0 Hz Y ν ′ Hz ε

s = ρ + jω ρ = 0



V C

G P

Hz H

V

Y P

X

Y

!(")

# (")

$(")

% (")

&(")

'(")

*'(")

P

X = 0 P

Y (s) =
P (s) +GCN(s)

1 +GCH(s)
= YP (s) + YN (s)

YP YN P N YP /P

YN/N

YP

YP

YP (s)

P (s)
=

1

1 +GCH(s)

|GCH| ≫ 1

YN

YN (s)

N(s)
=

GC(s)

1 +GCH(s)

|GCH| ≫ 1 Y → N/H

s



K !(")
# (")$(") %(")

Gcl(jω) =
Y (jω)

X(jω)
=

KG(jω)

1 +KG(jω)

K Gol(jω) = KG(jω)

1 +KG(jω) = 0

|KG(jω)| ≥ 1

∠[KG(jω)] = −180◦

0 ≤ ∠[KG(jω)] < 90◦

0 ≤ ∠[KG(jω)] < 180◦

n > 2

Gcl

3



-180°

f

f

K>1

0

0
Phase(°)

!0
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Gol −180◦

Mϕ

Gol
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ℜ("
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−1

ℑ("
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ℜ("
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−1

!"# !$#

Gol
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Sδν

SY (f) =

∣∣∣∣
1

1 +Gol(f)

∣∣∣∣
2

Sδν(f)

Gol(f)

Gol(f)

Gol(f) =
H0

1 + jτf

H0 fc = 1/τ −3 dB

fc = 100 Hz
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~E(t)
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Γ
1
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Γ⃗#($)
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~E(t) f

e Γ ~E(t)

f e f g

Γ1 Γ2

N

ρee(t) ρff (t) ρgg(t) e f g

dρee
dt

=
iΩR

2
(ρef − ρfe) − Γρee

dρef
dt

= i2π∆νT (t)ρef − iΩR

2
(ρff − ρee) − Γ

2
ρef

dρfe
dt

= −i2π∆νT (t)ρfe +
iΩR

2
(ρff − ρee) − Γ

2
ρfe

ρee + ρff = 1

ρef (t) ρfe(t) ρef = ρfe
∗

ΩR

ΩR(t)2 =
3Γλ3

0

2πhc
Il(t)

Il(t) W.m−2 λ0 Γ

∆νT (t) = νl(t) − ν0 + δνl(t)

δνl(t)

Iγ(t, td) t td

Iγ(t, td) = Γρee(t, td)

ρee(t, td)

vat



t Ld

β(vat, t) =

∫ Ld/vat

td=0
Iγ(t, td)dtd

t Ld

I
|f〉
at (t) atom/s f

Iat(t) =

∫ ∞

vat=0
β(vat, t)I

|f〉
at (t)p(vat)dvat

p(vat) s.m−1

vat
Iat(t) ∝ ρee(t)

r Γ = 28.7 MHz ∆νT (t) = α × t − ν0

∆νCs ≈ 4.6 MHz

g Γ/Γ2

⋆

ω = 2πf

HCs(ω) =

(
ΩR

Γ

)2

1 + 4
(

∆
Γ

)2
+ 2

(
ΩR

Γ

)2 × 2∆(Γ + jω)
(

Γ
2 + jω

)
Ω2
R + (Γ + jω)

(
∆2 +

(
Γ
2 + jω

)2
)

∆ = ∆ωT = 2π∆νT ω

1/2 ΩR ≫ ∆

(
ΩR

Γ

)2

=
I

Isat

jω



ν0 νl

∆νm(t) = ν̃m sin(ωdt)

ν̃m ≪ ∆νCs
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D1

Γ = 28.7 MHz

∆νlin = 2.6 MHz

±1 MHz

ν0

h

v(t) ν(t) =



νl + ∆νm(t) = νl + ν̃m sin(ωdt)

v(t) = h(ν) = h(νl + ∆νm)

≈ h(νl) + ∆νm
dh

dν

∣∣∣∣
ν

= h(νl) + ν̃m sin(ωdt)
dh

dν

∣∣∣∣
ν

νl

D(ν) =
ν̃m√

2

dh

dν

∣∣∣∣
ν

X = ν0 H

ν0

fc ∈ [1 Hz, 1 kHz]

fc ≃ 10 kHz
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Hi
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−3dB ×RfCs Rf Cs

f−3dB ∝ 1√
RfCs



!
"

#
"

$
%&'

#
(

)
*+

Cs Rf
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∗

∂νl/∂I ≃
1 GHz.mA−1

fc ∼ 10 kHz

∗
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∗
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τ0 10

Sδν
α

ν̃l
τ0

∆νlin ∼ 2.6 MHz

ν̃m ν̃l+ ν̃m < ∆νlin
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ν̃m

ĩm = 1 µA fd = 50 kHz

25% ν̃m = 1 GHz.mA−1 × 25% × 1 µA =

0.25 MHz

ν̃l < 2.3 MHz

σ2

σ

6σ 0.3%



2.3 MHz

6σ < 2.3 MHz

⇒
√∫ +∞

f0

Slockedδν (f)df <
2.3

6
MHz = 380 kHz

Slockedδν = SY f0 = 1/τ0

Hmin

τ0

ηCs
∆νl ∆νCs

ηCs =

∫ +∞

−∞
LCs(ν) × Ll(ν)dν

∫ +∞

−∞
Ll(ν)dν

LCs Ll

∆νCs ≃ 4.6 MHz

ηCs

ηCs
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∆νCs ≃ 4.6 MHz ηCs = 50%

ηCs = 50%



β−
β−

Sδν(f) =
A

fα
+B

B = S0 ∼ 105 Hz2.Hz−1 A = S−1 ∼ 5×1010 Hzα+2.Hz−1 α ∈ [1, 1.4]

β−

Sδν(f) > βf β = 8 ln 2/π2

fβ
∆ν =

√
8 ln 2 × A A

Sδν f0 β

f0 = 1 Hz

α = 1

β− −1

+2

+1 β−

fβ −3 dB

Hi

Hi

β− f0 ∼ fc
Hc = 1.37 × 103

fc fβ
f0 fc

+1

fd = 50 kHz ν̃m = 250 kHz

β−
50 kHz

⋆
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Time-dependent laser linewidth : beat-note
digital acquisition and numerical analysis
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Abstract: We revisit and improve the optical heterodyne technique for the measurement of the
laser coherence, by digital acquisition of the beat-note and numerical analysis of the resulting
signal. Our main result is that with the same experimental setup we reach the very "short-time
linewidth" with the highest accuracy as well as the frequency noise spectrum.
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1. Introduction

It is a well known fact that the fundamental linewidth limit of most lasers originates from the

spontaneous emission coupled to the lasing mode. This limit is called the "Shawlow-Townes

linewidth" [1], enhanced by Henry in the case of semiconductor lasers [2, 3]. This topic of

research has been widely discussed in the scientific literature during the 1980-2000 years [4–6]

thanks to the development of single frequency laser diodes [7–10], encouraged itself by the

rise of fiber optic telecommunications for the world-wide internet network [11]. The laser

diodes linewidth is indeed a crucial parameter for the optical fiber telecommunication systems

themselves, as it obviously impacts the purity of the signal phase, as well as the intensity noise

at the optical receiver [12, 13].

But beyond that, in a more fundamental perspective, these laser components exhibit strong

advantages for studying the linewidth, compared to other laser technologies. First of all, they do

not exhibit mode-hopping in time, making practical, for the first time, the experimental study of

this fundamental limit of laser noise. Moreover, in many cases, their spontaneous emission level

is strong, masking the contributions of most other technical fluctuations (cavity length or index

variations) to the linewidth. This motivated the production of a large set of studies and data on

these devices [14–25].

As a result, because the noise of these components originates mainly from the spontaneous

emission, which is theoretically a pure white noise, the value of the linewidth is usually considered

to be stable whatever the time during which its measurement occurs. However, lasers emitting a

small amount of spontaneous emission (such as edge-emitting extended cavity lasers [26, 27],

fiber lasers [28, 29], vertical external cavity surface emitting lasers [30, 31], and other kinds ...)

lead to laser spectra dominated by other sources of noise (that we call here "technical noise

sources": these are typically mechanical, thermal or carrier-induced).

Unfortunately, in that case, the linewidth depends strongly on the observation time. This

fact raises theoretical problems as well as experimental ones, which are usually incompletely

addressed in the literature. Nowadays, this issue has to be addressed regarding the increasing

number of narrow linewidth lasers developed, motivated by new kinds of applications, mainly in

the field of optical sensors [32–38].

In this paper, we intend to provide a better understanding as well as experimental techniques

to overcome the limitations of the standard metrology.
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2. Limits of the standard metrology of the linewidth

Concerning the experimental techniques, the metrology of the linewidth classically relies on the

so-called heterodyne set-up: the beams of two identical lasers are superimposed spatially, and

the frequency of the lasers is adjusted to generate a beating at a frequency which is low enough

to be observable with radio-frequency (RF) instrumentation. The resulting beam then falls on a

photodetector that generates a beat-note in the radio-frequency domain which is in turn analyzed

thanks to a sweeping (superheterodyne) RF spectrum analyzer [39] (see Fig.1).

Laser 1

Laser 2

Mirror

Photodiode

Beam Splitter Sweeping

Spectrum

Analyzer

Fig. 1. Basic Heterodyne Set-up.

Unfortunately, these spectrum analyzers do not allow to study easily the time dependency

of the linewidth, because of the time required to sweep across the RF spectrum, which cannot

usually be quicker than 1 ms in practical cases. There is an additional problem: using this device,

the data obtained cannot be considered to be a snapshot of the laser spectrum, because all the

points of such spectrum are not evaluated accurately at the same time due to the sweeping of the

resolution filter [39] (Fig. 2).
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Fig. 2. Sweeping (superheterodyne) RF spectrum analyzer at work: the resolution filter

sweeps in time across all the frequencies to obtain the whole spectrum. The spectrum does

not reflect a specific timeframe.

This comes from the fact that acquisitions obtained with this kind of analyzer assume that the

spectrum remains stable during the whole sweeping, which is not true with laser lines perturbed

by technical noise sources. Thus, the profile acquired is distorted by the highly non-linear transfer

function of the spectrum analyzer, loosing accuracy on the spectral shape itself.

Finally, it is clear that in some cases, the time-limited linewidth may change at each acquisition,

even for a constant timeframe. A telling example is the case of frequency fluctuations originating
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from mechanical vibrations, which are typically sine-wave shaped in time (they usually find their

origin in mechanical resonances). One will easily see that the linewidth is not constant between

repeated experiments, given that the RMS frequency fluctuation intercepted in the corresponding

time window changes, as depicted in Fig. 3.
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Fig. 3. Frequency variations induced by typical mechanical noise. In this case, the RMS

value is not stable as a function of the starting time Ti of the experiment.

Formally written, the value of:

√
1

∆T

∫ Ti+∆T

Ti

sin2(2π fM t)dt (1)

is obviously not constant as a function of Ti nor as a function of ∆T (Here, Ti is the time at

the beginning of the experiment, ∆T the duration of the experiment, and fM the frequency of

the considered mechanical oscillation). For that reason, such linewidth can only be given in

statistical terms over repeated measurements, such as average value and standard deviation.

Due to these metrological limits, the experimenters try to estimate the laser linewidth from

frequency noise measurements. It is an interesting idea because thanks to a frequency noise

spectrum, they can pinpoint the characteristic time associated with each noise source and obtain

much more information than with a single-shot heterodyne measurement. In this field, various

works are reported [7, 40], but the most useful and interesting one, to our knowledge, has been

performed by Di Domenico et al. by applying the β-separation line theory to the study of the

laser linewidth [41,42]. This is a method of calculating a time-dependent linewidth from a power

density spectrum of frequency noise. Whereas it is reliable in many practical cases, this approach

has two drawbacks: first of all, it relies on frequency noise measurements, which require quite

complex set-ups and are not so easy to calibrate accurately. Secondly, the computation of the

linewidth through this process requires approximations that can lead to inaccurate results.

This can be explained by the fact that linewidth metrology and the associated signal analysis

were imagined when the available RF instrumentation was far less developed than they are

today. It is now possible to acquire the heterodyne beat-note in the time domain thanks to the

emergence of high-speed data acquisition systems at quite low cost (compared to RF spectrum

analyzers). This beat-note contains obviously all the noise information traditionally obtained by

indirect ways. In the work described here, we propose to use modern widespread data acquisition

systems (high performance samplers) and numerical signal analysis to perform a more accurate

and more powerful study of the beat-note obtained with the heterodyne set-up (Fig. 4), enabling

to overcome the already-discussed drawbacks of the methods proposed in the state-of-the-art.
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Fig. 4. Heterodyne Set-up proposed in this work: use of a sampler and numerical signal

analysis.

3. Data treatment through signal analysis: an overview

In contrast to what is usually reported in the scientific literature, our approach consists in

performing numerical processing to the acquired time-domain beat-note signal in order to extract

the phase fluctuation information in terms of power spectral density and linewidth. The associated

theoretical description is summarized in Fig. 5, that displays the attainable physical quantities as

well as the mathematical relationships that exist between them. The numerical acquisition of

the time-domain beat-note is the central entry point. These mathematical relationships are not

new and are very well understood in the signal analysis literature. However, in the context of

laser study, they are generally taken as a pure theoretical basis and not used in practice under

their numerical form in order to be applied directly on recorded signals: this is precisely what we

intend to propose here.
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Fig. 5. Summary of the relevant signals and the mathematical relationships between them.
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reported in literature. Wavy arrow is for possible path with approximations.
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Frequency Noise: By sampling the beat-note, it is possible to extract the instantaneous phase

in the time-domain thanks to the numerical Hilbert transform H . It opens the study of the

frequency noise and related spectral densities with the classical approach, by following the

path A→D→C→E in Fig. 5. Thanks to this procedure, we get more comfortable experimental

conditions than with traditional frequency noise measurement systems, because the heterodyne

set-up offers all the benefits of a coherent detection: we work with a high magnitude signal

(the beat-note), which is weakly sensitive to the background noise of the instrumentation or

to the RIN (Relative Intensity Noise) of the laser itself, which are usual limits of the methods

exploiting frequency discriminators. Moreover, the calibration of the frequency noise spectrum

does not rely anymore on the evaluation of the frequency discriminator slope, and there is thus

no requirement for any calibration process.

Time-Dependent Linewidth: Beyond that, the acquisition of the beat-note opens the access

to a range of meaningful information. The laser spectrum may now be assessed over different

timeframes, simply by computing the Fourier transform F over sub-samples of various lengths.

Now it is simply the A→B path in Fig. 5 that we have to follow. This triggers the extraction of

valuable statistics about the linewidth, which may now be calculated from various sub-samples,

as depicted in Fig. 6. In particular, the average, as well as the associated standard deviation, can

be brought to light.
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Fig. 6. Beat-note sampling and short-time linewidth estimation. Thanks to the change of the

length of the sub-sample, a time-dependent linewidth study is possible.

Such way of exploiting signal analysis on the same beat-note sample makes available in one

go various informations that would normally require different experimental set-ups. Moreover,

because all these processings are performed on the same data source, the results can only be

consistent between them.

About the acquisition of the beat-note itself, in numerous practical cases, it is difficult to

maintain the beating of two lasers over long durations in a too-confined spectral span. Thus,

the sampled beat-note must be set at a quite high frequency, which requires a high sampling

frequency, typically in the 100 MHz − 1 GHz range. To access the statistical studies (averages

of power-spectral densities, average and standard deviation of the linewidth, etc), long duration

time-samples are required. For that reason, a wide amount of memory is mandatory, usually 108

to 109 samples, which is possible today with a modern desktop computer embedding some Go

of RAM.
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4. Experimental work: configurations under study

4.1. Configuration 1: DFB-SC for atomic-clock systems

The first configuration used to check the validity of our approach consists in studying the beating

of two similar "Distributed FeedBack Semiconductor laser diodes (DFB-SC)". The noise profile

of the optical field emitted by these devices is generally affected by two main components.

The first one is linked to the –cold– optical cavity linewidth through the Schawlow-Townes

limit, enhanced by a multiplying factor αH known as the Henry factor [2, 3]. This correction

arises from the perturbation of the refractive index of the gain medium through the gain change

with carrier density fluctuations in this medium. The resulting laser lineshape is Lorentzian [1].

The second component of the noise spectral density is related to the electrical nature of the

pumping process. A very fundamental consequence of this is the existence of a carrier noise

occurring in various locations of the component. The most fundamental part of this noise (which

is thermal noise due to the equivalent electrical resistance of the device) does not impact the

optical field. Unfortunately, some additional transport mechanisms, due to inhomogeneities in

the semiconductor crystal, impact the noise at low frequencies [43]. Even with the cleanest

fabrication processes, the "1/ f type" noise seems to be unavoidable and is always observed [44].

Its contribution to the linewidth is known to be Gaussian [7, 45]. The laser spectrum resulting

from these two contributions has a "Voigt Profile", which is the result of the convolution between

a Lorentzian and a Gaussian spectrum.

As a case study, compact modules emitting at 894nm – which corresponds to the D1 transition

line of the Cesium 133 – can be used to realize the Optical Cesium Frequency Standard, a type of

compact atomic clock which allows better short-term stability than its magnetic counterpart [46].

In such apparatus, the stability of the clock is known to depend on the noise characteristics of

the pumping laser. In the present case, the GaAs DFB-SC of 2 mm−long cavities are used at a

40 mW output at the Cesium D1 line. The measurements are done on a packaged version of the

diodes that includes thermal monitoring and regulation. In particular, the beat-note is realized

with two lasers of equivalent first-order characteristics.

During the experiments, the two laser diodes are biased using a set of batteries and low-noise

resistors to perform the voltage to current conversion. The noise of the resulting laser driver is

much lower than the intrinsic electrical noise of the laser diode itself [47, 48]: this ensures that

the noise sources observed during the experiments are intrinsic to the laser components and are

not due to some environmental perturbations. The noise analysis coming from these components

is thus designed to give a reference measurement using a class of components which is well

known in the literature. Also, it enables an accurate estimation of the impact of the 1/ f noise on

the linewidth.

4.2. Configuration 2: DFB-FL and ECDL

To expand this study, we investigated the noise coming from the beating between a DFB Fiber

Laser (DFB-FL) [28] and a single-frequency External Cavity Diode Laser (ECDL) [49], both

operating in the telecommunication window (1530 nm − 1560 nm for the ECDL, 1553 nm for the

DFB-FL). Here, the DFB-FL spectrum can be identified as a Dirac peak compared to the ECDL,

as its frequency noise is known to be ultra low, exhibiting FWHM (Full Width Half Maximum)

linewidth close to 10 kHz.

The DFB-FL involved here is a commercial device by IxFiber. It is ≈ 5 cm long and is pumped

by a battery-biased low power EDFA (Erbium-Doped Fiber Amplifier) pump (< 300 mW ); the

emitted power is close to 100 µW for 150 mW pump power launched. The packaging ensures a

very small contribution of mechanical vibrations on the linewidth.

The ECDL is a refurbished OSICS ECL Model 1560 biased through the electricity network. It

is an interesting kind of laser to study because its spontaneous emission noise is known to be

                                                                                       Vol. 24, No. 24 | 28 Nov 2016 | OPTICS EXPRESS 27968 



quite low (compared to DFB-SC) but due to its external cavity, it may experience some cavity

length fluctuations originating from mechanical noise, leading to frequency variations in time.

The emitted power is in the 10 mW range over the whole tuning capability of the laser.

4.3. Configuration 3: two DFB-FL

Some additional results are obtained with the beating of two DFB-FL identical to the one

described in the previous section. Once again, the pumps of these two lasers were biased using

the set of low-noise batteries and resistors already described in section 4.1.

5. Frequency noise

The first part of the study is the frequency noise of each laser configuration, obtained from the

beat-note and the application of the process described in §3.

5.1. Theoretical Background

As mentioned above, the starting point is the time domain sample of the beat-note signal, b(t). It

is a real-valued function and can be written as:

b(t) = a(t) × cos(ϕ(t)) (2)

where, a(t) and ϕ(t) are the instantaneous amplitude and phase of the signal.

The so-called analytic signal associated with the real-valued signal b(t) can be constructed

using the Hilbert transformH as follows [50]:

ba (t) = b(t) + jH [b(t)] (3)

the quantities a(t) and ϕ(t), accounting for the demodulated magnitude and phase of b(t), are

then given by, respectively: a(t) =
√

b(t)2 +H [b(t)]2 and ϕ(t) = arctan[H [b(t)]/a(t)]. Using

this representation, the rate of change of ϕ(t) is the instantaneous frequency of the beat-note.

Without loss of generality, it can be written as [51]:

ν(t) =
1

2π
× dϕ(t)

dt
(4)

= ν̄ + ν̃(t) (5)

where ν̄ is the central frequency of the beat-note, and ν̃(t) represents the noise contribution.

Hence, the power spectral density (PSD) of the frequency noise of the laser can be calculated

thanks to the Fourier transform of the autocorrelation function:

PSDν ( f ) = F
(

lim
T→∞

1

2T

∫ +T

−T

ν̃∗ (t) ν̃(t + τ) dt

)
(6)

For computation time reasons, it may be better not to evaluate the autocorrelation function directly.

Fortunately, this expression can find another form, entirely based on the Fourier transform [52]:

PSDν ( f ) ∝ F
(
ν̃(t)

)
× F ∗

(
ν̃(t)

)
(7)

where ∗ is the conjugate complex operator. This expression behaves well in the numerical world,

as the time required for the autocorrelation computation (Eq. 6) is proportional to N2 for a

N−samples long signal, while the one required for the Fast-Fourier-Transform (FFT) based

expression in (Eq. 7) is only proportional to N × log2(N ) [52] for the same signal length.

Averaging a given amount of such spectra with a properly scaled FFT transform [53] leads to the

expected PSDν ( f ) estimation with the required magnitude accuracy.
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5.2. Experimental validation of our technique

In order to validate our approach, we compared the results obtained with our technique to

the ones recorded through a direct demodulation interferometer, here a fiber optic Michelson,

depicted in Fig. 7. The experiments were carried out with the two DFB-SC lasers (configuration

1) developed for the Cesium atomic clock.

Coupler
optical delay50/50

Low Noise Ampli"er

DC - 10 MHz

Isolator

Faraday

Miror

Faraday

Miror

Laser

Data

Acquisition
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Numerical
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Fig. 7. Michelson-Based Frequency Noise set-up.

As the beat-note contains the noise contributions of the two lasers, the frequency noises of the

two DFB-SC sources were measured directly and then added to be compared to the output given

by the Hilbert demodulation. The result is shown in Fig. 8. A very good matching between the

two techniques is observed.
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Fig. 8. Frequency noise spectrum obtained from Michelson experiments and beating ex-

periments for the DFB-SC (each close to 40mW ). The 1/ f α noise part usually comes

from electrical transport phenomena [43], whereas the white noise part comes from the

spontaneous emission (Shawlow-Townes-Henry).

5.3. ECDL and DFB-FL results

The result of the beat-note demodulation process for these lasers is given in Fig. 9. Beyond the

fact that this operation can be done on a variety of lasers, these data will be useful for a better

understanding of the linewidth results to come.

As expected, the strongest contribution in the case of DFB-FL is the low-frequency 1/ f α

noise originating from the thermal fluctuations induced by the pump intensity noise, with some

feeble mechanical contributions in the 100 Hz-1 kHz range.

In the case of the ECDL/DFB-FL beating, the noise levels exhibited lead to the expected

conclusion that the DFB-FL noise level can be neglected, and that the beating is representative
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of the ECDL alone. Concerning the ECDL, Fig. 9 shows that the strongest contribution to the

noise is due to mechanical variations in the 100 Hz-1 kHz range. Additional pollution comes

in the 10kHz-1 MHz range from the switching power supply. At higher frequencies, the white

noise coming from spontaneous emission is quite low (≈ 104Hz2/Hz).

!"#$%& ' !"#$%&

(&!) ' !"#$")

!"#$") ' !"$#")

Fig. 9. Frequency Noise spectra obtained from DFB-SC, ECDL and DFB-FL beating.

6. Time dependent linewidth of the beat-note

6.1. Theoretical background

The linewidth is obtained from the power spectrum of the beat-note, and computed thanks to the

Fourier transform of the autocorrelation function:

L( f ) = F
(

lim
T→∞

1

2T

∫ +T

−T

b∗ (t)b(t + τ) dt

)
(8)

This spectrum is only defined for an infinite observation time, which is not compatible with

realistic experimental conditions. We define then a short-time spectrum, computed from a

beat-note bTi ,∆T (t) existing over a time-window ∆T starting at the time Ti :

LTi ,∆T ( f ) = F
(

lim
T→∞

1

2T

∫ +T

−T

b∗Ti ,∆T
(t)bTi ,∆T (t + τ) dt

)
(9)

Again, as it is better to avoid the evaluation of the autocorrelation function numerically, we use

another form of this expression:

LTi ,∆T ( f ) = F
(
b∗Ti ,∆T

(t)
)
× F

(
bTi ,∆T (t)

)
(10)

We now have to find an estimator for the spectral width. Unfortunately, exploiting the FWHM,

as it is very usual in the literature, is not relevant here. Indeed, if we have a look to Fig. 10(b)

showing the spectrum of an ECDL obtained over a quite long integration time (≈ ms), we can

easily assert that the strongest part of the laser line fluctuation is not contained in the FWHM but

certainly in the pedestal, and thus the FWHM indicator does not accurately report the real size of

this signal in the Fourier space.

The question of the quantification of the width of a signal has been very often considered

in the scientific literature, and in various domains. In the field of lasers, we can notice that

A.E. Siegman examines the problem of the width of the spatial (transverse) modes in a very

interesting document [54]. At the end of his article, Siegman concludes that it is "maybe" relevant
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Fig. 10. Relevance (a) and irrelevance (b) of the FWHM depending on the spectral shape.

a) case of a semiconductor DFB: the width and the associated RMS value do not change too

much over one decade of magnitude. b) case of an ECDL: the width and associated RMS

value changes dramatically in the same conditions.

to use the second order momentum instead of the FWHM. In the case of spatial modes, which are

usually combinations of Gaussian distributions, it works very well. Unfortunately, in the case of

laser spectra, such a definition cannot be used. Indeed, a laser lineshape has always a Lorentzian

contribution [22] and none of the high order moments (>1) can be evaluated for such case.

As the goal is to compare very different laser technologies, we propose here to use the spectral

width definition derived from the coherence time, as described in the fundamental work of

Mandel and Wolf on the optical coherence [55, 56] :

∆νTi ,∆T =

(∫ +∞

0

LTi ,∆T ( f )df

)2

∫ +∞

0

L2
Ti ,∆T

( f )df

(11)

Contrary to the FWHM, this definition depends on the whole spectrum and does not neglect the

impact of some spectral components. Moreover, it shows sturdiness because it is defined for all

the usual spectral shapes (Lorentzian, Gaussian, Voigt, Rectangular, ...).

In the numerical treatment performed here, we compute, for each targeted ∆T , the average :

∆νc =
1

M

M∑

i=1

∆νTi ,∆T (12)

over the M available sub-samples, as well as the uncertainty using the standard-deviation:

∆νc = ∆νc ±
1

2

√√√
1

M

M∑

i=1

(∆νTi ,∆T − ∆νc )2 (13)

by exploiting all the possible sub-samples from the signal b(t). To facilitate the comparisons

with existing data, Table 1 links ∆νc to the FWHM for usual spectral shapes.

6.2. Experimental Results

We display in Fig. 11 the evolution of ∆νc calculated thanks to the process described in §6.1 for

the beating between an ECDL and a DFB-FL. This experiment is the most iconic of our work

because the ECDL noise contains all the usual contributions (mechanical, 1/ f and white noise)

to the linewidth (Fig. 9).

This graph shows three main trends:
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Table 1. Relations between standard FWHM and ∆νc

Shape FWHM

Lorentzian π∆νTi ,∆T

Gaussian ∆νTi ,∆T /
√

2 ln 2π

Rectangular ∆νTi ,∆T

sinc2 ≈ ∆νTi ,∆T /1.7
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Fig. 11. Estimated ∆νc for the ECDL/DFB-FL experiments as a function of the beat-note

time sample length. The main curve is the average value and the error bars are the standard

deviation over 128 samples up to 1 ms. Above this duration, the beat-note sample size

imposes the amount of averages to decrease, down to a single full-size sample for the last

point at 60 ms. In the insets, various spectra have been displayed to show the instability of

the central frequency and of the linewidth due to mechanical fluctuations; the vertical scale

of the insets is the RF power in arbitrary unit.

• for the shortest integration times (< 1 µs), the linewidth estimation is dominated by the

Fourier limit: the time window is small and the contribution of the frequency noise is much

lower than the Fourier uncertainty. In that case, all the linewidth spectra are intrinsically

convoluted with a sinc2 which ∆νc width evolves like 1.77/∆T , where ∆T is the sample

length in time. As the time window increases, the associated linewidth decreases.

• for longer times, the frequency noise of the laser becomes much more significant. The

linewidth increases quickly up to the ∼ 0.1 ms observation time, mainly because this

time window allows to integrate an increasing part of the 1/ f and mechanical contribu-

tions, which characteristic time is also in the ms range(see Fig. 9). This behavior can be

understood from the insets: for times below 10 µs, the lineshape is always Lorentzian,

demonstrating that the spontaneous emission noise dominates. Starting at 100 µs, the

lineshape contains some top-hat contribution, which renders the strong mechanical fluctu-

ations. In fact, this shape is close to the one of the Fourier Transform of the sum of Bessel

functions of the first kind. Such form arises from the fact that the laser sine wave function
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is modulated in frequency by additional mechanical sine waves:

b(t) = A cos(2π fbt + β sin(2π fMt)) = A

+∞∑

n=−∞

Jn (β) cos(2π( fp + n fM)t).

where fb is the beating frequency and Jn (β) the nth Bessel function of the first kind.

• Then, for times > 0.1 ms, the huge mechanical contribution is fully integrated and the

linewidth begins to saturate as a function of the integration time. For even longer times,

the linewidth may keep on increasing due to 1/ f noise (due to memory limitations in the

data acquisition card, we were not able to explore further).

To explore the impact of 1/ f noise, we also focused on the DFB-SC beating configuration, as

shown in Fig. 12. For these experiments, we calculated ∆νc and extracted from the same data the

Lorentzian and Gaussian linewidth FWHM (resp. ∆νL and ∆νG) thanks to a robust automated

fitting process exploiting an analytical accurate approximation of the Voigt function to reduce the

computation time [57]. Just as for ∆νc , the average and standard deviation over a large number

of samples were performed. The corresponding Voigt profile FWHM was calculated thanks to

the empirical formula: ∆νV ≈ 0.5346∆νL +

√
(0.2166∆ν2

L
+ ∆ν2

G
) according to [58].
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Fig. 12. a) Spectral width of the DFB-SC beating and comparison of the ∆νc criterion with

the Voigt profile fitting. b) ∆νc for configurations 1, 2 and 3.

The global tendency is the increase of the Gaussian linewidth as a function of time, which is

expected since an increasing part of 1/ f noise is integrated with increasing times.

Finally, if we add the data measured on DFB-FL, we end with the results shown in Fig.

12(b). It states that a wide variety of lasers can be explored using this method, from low to high

coherence.

6.3. Discussion: comparison with β-separation line approach

To our knowledge, the most interesting work concerning the short-time linewidth was published

by Di Domenico et al. [41], who used the β-separation line theory to the laser linewidth

computation. It is a process that defines which part of the noise spectrum has a significant

contribution to the FWHM linewidth. It is based upon the identification of the "slow modulation

area", defined by comparing the noise level to the β-separation line for each frequency of the

spectrum, as shown on an example in Fig. 13(a). Among the points discussed in his article, Di

Domenico’s work confronts a very challenging problem: the time-dependence of the linewidth in

the case of 1/ f α (1 < α < 2) noise, and more generally in [42], the time-dependence due to any

noise of arbitrary shape. In this approach, the main source of inaccuracy is due an approximation.
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But this approximation was unavoidable because there was no other way than introducing there

an assumption to obtain the convergence of the analytical calculus in the case of 1/ f α noise. The

assumption is that, to estimate the linewidth over a duration ∆T , the lowest frequency integrated

in the noise spectrum is chosen to be 1/∆T , and thus any event faster than ∆T is not taken into

account. Unfortunately, for the reasons illustrated by Eq. 1 and Fig. 3, this choice may lead to

strong inaccuracies in the linewidth computation in the case of strong spectral components in the

low frequency domain. Following this idea, we compare our numerical approach - which is not

based on such an approximation - to the results obtained by the β-line analytical approach, in

the case of the three previous and already discussed experimental configurations. This is what is

shown in Fig. 13: in part a), the frequency noise spectra and the "slow modulation area" (filled

areas) for a fixed ∆T as described in [42] ; part b), the corresponding time-dependent linewidths

according to the β-separation line, as well as the one obtained with our numerical treatment.
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Fig. 13. a) β-separation line illustration, the slow modulation area (filled) is represented

for ∆T = 1 ms. b) Time-dependent linewidth computed thanks to the numerical methods

proposed here, compared to the β-separation line approach.

If the β-line computation leads globally to a good estimation of the laser FWHM, we observe

three main drawbacks:

• The β-separation line does not take into account the Fourier Limit, and gives quite

optimistic results in the case of the shortest times.

• Also, it can lead to strong inaccuracies in the case of lasers dominated by mechanical

noise. An example of this fact is given by the ECDL results in Fig. 13(b). In this plot, the

∆νc and FWHM values can be directly compared for times > 1 ms (according to Table

1) because the lineshape is close to a top-hat in this range. In this context, we notice that

at 0.3 ms, the estimation made by the β-separation line process is at least 5 times more

optimistic compared to the one obtained with our approach.

• Finally, observing the DFB-SC results in Fig. 13(b) leads to the conclusion that the FWHM

estimation through the β-separation line process in the case of lasers dominated by 1/ f

noise leads also to quite optimistic results, with a factor close to 2 on the linewidth.

7. Sensitivity limit

In this section we want to discuss the ultimate sensitivity limits of this set-up. Of course, because

it is based on RF instrumentation, it demonstrates ultra-low absolute noise limits compared to

usual optical sources.

Firstly, the set-up is limited by the jitter of the acquisition card clock [59]. The main impact

is a contribution to the magnitude of the background noise. One of the contributions of this
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jitter-originated noise is frequency-dependent, and may thus lead to choose optimised conditions

for the data acquisition. This noise occurs like an additive noise ǫ• ( f ) appearing on the sampled

data. Its spectrum is given by the convolution between the clock jitter spectrum ∆T ( f ) and the

spectrum of the signal to be sampled :

ǫ• ( f ) = j2π f F
(
b(t)

)
∗ ∆T ( f ) (14)

Because of the proportionality with f, we should choose the smallest possible beating frequency

(but of course high enough to contain the total laser frequency drift during the time-window of

the measurement), and thus avoid to work beyond the Shanon frequency. This contribution to

background noise of course limits a few the dynamics of the beat-note spectrum.

Secondly, the full span background noise may be a limit for the frequency noise measurement at

high Fourier frequencies. According to [60], background intensity noise appears like additionnal

phase noise. For a white background voltage noise, the resulting frequency noise is given by :

PSD•

f = 4π f 2 PSD•

ǫ

V 2
0

(15)

where PSD•

f
is the frequency noise (in Hz2/Hz) due to the voltage noise PSD•

ǫ
(in V 2/Hz), and

V0 the RMS value of the beating voltage. So, the full span background voltage noise spectrum

contributes to the measured frequency noise spectrum at high frequencies whatever its origin

(laser RIN, amplifier noise, data acquisition card jitter). We have to notice that this limit can be

overtaken by the means of a large amount of averages.

Nevertheless, all these expected limits needed to be checked up. That is why we performed

additional experiments by using an Agilent 33220A sine wave voltage source working at 1 MHz,

which frequency modulation input was seeded with an amplified DC-150 Hz white noise source.

This signal was injected into to the Agilent U1084A-001 sampler that was used for the acquisition

of most of the data exploited in this work. The result is depicted in Fig. 14 .
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Fig. 14. a) Frequency noise limit measured b) Linewidth limit measured.

These measurements exhibit that the limits are very low compared to available lasers: frequency

noise values as low as 1 Hz2/Hz can be measured over frequency spans as wide as 100kHz,

while linewidth values as narrow as 10 Hz can be extracted. Concerning this last limit, we believe

that it is due to the frequency generator and not to the sampler, which time jitter is said to be

below 1 ps for 10µs record length.

8. Extension: intrinsic time dependent linewidth

In the previous experiments, all the results presented were the sum of the frequency noises of

two lasers, because they were based on the heterodyne set-up. However, it is often interesting to
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have access to the intrinsic linewidth of a single laser, which cannot be reached in a rigorous way

through the β-separation line approach in some cases, as discussed above. In order to compute

this quantity, the frequency noise set-up of Fig. 7 was used, but instead of computing the power

spectral density of the frequency noise, we performed only the acquisition of the frequency

fluctuations as a function of the time. Then, we followed the path C→D→A→B from Fig. 5

to retrieve the laser spectrum as a function of the time. For this purpose, a "virtual" beat-note

was generated by injecting the phase fluctuations in time on a deterministic numerical sine

wave-shaped carrier, and then the same process as above was carried out to obtain the laser

spectrum from the beat-note. The results, grounded on one of the DFB-SC studied in this paper,

are displayed in Fig. 15, and illustrate again the spectral broadening due to 1/ f noise.
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Fig. 15. a) Intrinsic linewidth computed from time-domain frequency noise signal using

"virtual" carrier. b) Frequency noise spectrum computed from the time domain frequency

noise signal.

9. Conclusion

We have demonstrated in this article the possibilities brought by the sampling of the beat-note

obtained from the heterodyne beating interferometry. This process, based on a very simple

and low-cost experimental set-up, is associated to a set of numerical processings in order to

offer numerous possible derivations, as well as a high accuracy in the analysis of laser lines

fluctuations, which have never been developed in the literature to our knowledge. It overcomes

the capabilities of more traditional or more complex measurement set-ups, and opens the access

to the very "short-time linewidth" that is so often required.

As discussed above, we encourage the reader to use the spectral width indicator ∆νc associated

with Mandel and Wolf’s definition of the coherence time, instead of the more basic FWHM, as it

can lead to significant errors in the case of lasers dominated by technical noise contributions.

We also addressed the complex topic of low frequency noise, including the 1/ f α noise, and

demonstrated for the first time a method that can really take into account, with the highest

accuracy, the impact of these noise sources on the linewidth.

We also mention that other original techniques explored in the scientific literature [61,62], and

which rely on more complex RF instrumentation, could take benefit from acquisition systems as

simple as the one used in this paper. With adequate signal analysis, it could make them much

more available than today, as they depend on so specific instruments.

Finally, we want to mention that the Matlab code that is necessary to reproduce this set-up

is open source and available under BSD licence, as additional material associated to this paper

(Code 1, Ref. [63]). It takes advantage of the Matlab FFT multiple-core implementation to reduce

computation times. For example, computing ∆νc over a 2 × 108 points sample requires a few

minutes on a Xeon E5-1603 2.8 GHz with 32 Go RAM.
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ABSTRACT   

Time & Frequency applications are in need of high accuracy and high stability clocks. Optically pumped compact 

industrial Cesium atomic clocks are a promising approach that could satisfy these demands. However, the stability of 

these clocks relies, among others, on the performances of the laser diodes that are used. This issue has led the III-V Lab 

to commit to the European Euripides-LAMA project that aims to provide competitive compact optical Cesium clocks for 

ground applications. This work will provide key experience for further space technology qualification. III-V Lab is in 

charge of the design, fabrication and reliability of Distributed-Feedback diodes (DFB) at 894 nm (D1 line of Cesium) 

and 852 nm (D2 line). LTF-Unine is in charge of their spectral characterisation. The use of D1 line for pumping will 

provide simplified clock architecture compared to the D2 line pumping thanks to simpler atomic transitions and a larger 

spectral separation between lines in the 894 nm case. Also, D1 line pumping overcomes the issue of unpumped “idle 

states” that occur with D2 line. The modules should provide narrow linewidth (<1 MHz), very good reliability in time 

and, crucially, be less sensitive to optical feedback. The development of the 894 nm wavelength is grounded on III-V 

Lab results for 852 nm DFB. We show here results from Al-free active region with InGaAsP quantum well Ridge DFB 

lasers. We obtain the D1 Cs line (894.4 nm) at 67°C and 165 mA (optical power of 40 mW) with a high side mode 

suppression ratio. The wavelength evolution with temperature and current are respectively 0.06 nm/K and 0.003 nm/mA. 

The laser linewidth is less than 1 MHz. The Relative Intensity Noise (RIN) and the frequency noise are respectively less 

than 10
-12

 Hz
-1

 @ f ≥ 10 Hz and 109 Hz
2
/Hz @ f ≥ 10 Hz.   

Keywords: DFB laser, 894nm, 852nm, narrow linewidth, relative intensity noise, atomic clocks, Cesium, D1 line, D2 

line, time metrology. 

1. INTRODUCTION  

1.1 The optically-pumped Cesium beam Frequency Standard  

Accurate and stable time-frequency standards are needed for a range of applications: definition of a universal time, 

synchronization of modern telecommunication systems, fundamental experiments or communication with and between 

satellites, including the use of the Global Positioning System (GPS). In the latter case, space environment constraints 

have led to build compact and reliable clocks based on various physical paradigm that could stand long spatial missions. 

Several different technologies are competing: for instance, the Passive Hydrogen Maser (PHM) exhibits a stability –

measured by the Allan deviation σy(τ) – of σy(τ) ~5·10
-13

 for short-term (1s > τ > 10
4
 s), and σy(τ)=10

-14
 for long term (τ 

>10
4
s), for a volume ranging between 20 dm

3
 to 80 dm

3
 and a weight of 10 to 20 kilograms. Another type of clock is the 

Rubidium Atomic Frequency Standard (RAFS) which current characteristics are a short-term σy(τ) ~5.10
-12

, a long-term 

σy(τ) ~6.10
-14

, for a volume of a few liters and a weight ~ 6kg
1
. These clocks already take part in the first generation of 

the Galileo constellation, the European equivalent of the GPS or the GLONASS. For the two latest positioning systems, 

the Cesium Frequency Standard (CFS) has been widely used through the magnetic selection Cesium atomic clock, where 

the preparation and interrogation process is realized with magnetic field gradients
2
. 

However, another approach to realize the Cesium standard is to optically pump and interrogate a thermal Cesium beam. 

Proof of this concept
3
 has led to predict a short-term stability as low as σy(τ)=1.10

-12
, which overcomes the current limit 

of around σy(τ)=1.10
-11

 for the clock with magnetic selectors, for a 10-years lifetime (Galileo positioning system requires 



a stability σy(τ)<3.10
-12

). Also, the simpler optical setup allows easier and cheaper fabrication. While the ultimate 

performance in the magnetic CFS relies on the intensity of the Cesium beam flux –it improves with higher flux–, the 

lifetime of the clock decreases due to a faster consumption of the Cs, which compromises long operation. In optically 

pumped CFS, laser pumping uses more efficiently the atomic beam, which allows to gain on clock’s stability, for a given 

lifetime. 

To achieve atomic preparation and interrogation, one can consider the transition lines between the ground state 6
2
S1/2 and 

the two following excited states of the fine structure of Cesium: 6
2
P1/2 (D1 line around 894nm) and 6

2
P3/2 (D2 line 

around 852nm
5
), see figure 1. These levels are again subdivided in the hyperfine structure, where the transition F=4 to 

F=3 at 9.19 GHz in the ground state coincides with the resonant frequency of the Ramsey cavity and is used for the 

definition of the second. For the preparation process, which consists in storing the atomic population in the same 

hyperfine level of the ground state, one can either use the D2:44’σ transition at 852 nm or the D1:34’π at 894 nm, where 

σ and π are the type of atomic transitions controlled by the polarization of the incident light. It is, first, pumping 

transition (3-level systems) but it has also been demonstrated to maximize the efficiency of the process
6
. On the contrary, 

lines D2:32’ and D2:45’ are cycling transitions (2-levels system) that cannot be used at this step. Also, in the case of the 

D2 line, the existence of so-called “idle-states” in the presence of a weak magnetic field (Hanle effect) may hinder the 

pumping efficiency, and ultimately degrade the clock performance. This phenomenon does not exist for the D1 line, 

which calls a priori for its use, though the issue can be overcome with the D2 line by acting on the polarization 

properties of the beam
7
. For the detection process, one can use either pumping or cycling transitions, but it has also been 

shown that the cycling transitions of D2 line produces more fluorescence photons that enhance the signal detection
4
. 

Finally, the use of the two D1 and D2 lines is worth to maximize clock’s efficiency.  

  

Figure 1: Hyperfine structure of Cesium in air and useful pumping and cycling transitions. Zeeman level splitting is not shown. 

1.2 Laser chips requirements 

Until now, several attempts of industrial optical CFS prototypes have shown success
8, 9

, but the quality of sources used 

for pumping has rapidly appeared to be a crucial limiting factor of the setup. In many experiments, and for further 

development, Distributed-Feedback (DFB) or Distributed Bragg Reflector (DBR) semiconductors lasers have been used 

for their compactness, reliability in time and low power consumption against extended-cavity diode laser (ECDL) that is 

more complex to implement for an industrial clock, but may have also, for the time being, lower reliability for space 

applications. 

However, the spectral purity of the laser is of crucial importance to recover a high clock signal-to-noise ratio (SNR) that 

leads to high clock stability. Laser linewidth (and fundamentally laser frequency noise) should be as low as possible so 

not to become the dominant term in the noise budget of the overall clock setup
9
. A low laser linewidth and high spectral 
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purity also enables one to use less optical power to achieve the same atomic population inversion which, in turn, reduces 

spurious light noise in the detectors. Typically, a sub-MHz linewidth will overcome these current limitations. 

Secondly, the laser should provide excellent key parameters stability over time (more than 10 years). Especially, 

wavelength stability is of key importance to operate the atomic transitions without ranging out of the scope of the 

frequency-locking electronics in the long term. Therefore, the laser should have stable threshold current and stable 

operating current through ageing.  

Finally, the laser chip is required to remain insensitive to external environment, especially to external optical feedback 

that can occur in the optical pumping setup. Until now, many commercial diodes have proved to be non-operable in the 

latest optical CFS experiments due to either high sensitivity to optical feedback, too broad linewidth or poor reliability. 

It is worthwhile mentioning that the developed DFB laser diodes may find application in other types of atomic frequency 

standards (such as Cs vapor cell standards based on coherent population trapping or microwave-optical double 

resonance, cold Cs atomic fountains, etc.) and high precision sensors (atomic magnetometers, atomic gyroscopes, etc.). 

1.3 The LAMA project 

 All the above mentioned requirements have led III-V Lab (joint laboratory of Thales R&T, Nokia-Alcatel-Lucent Bell 

Labs and CEA Leti) to commit to the European Euripides-LAMA project
10

 (LAser diode Modules for compact Atomic 

clocks) that aims to provide reliable laser modules at 852 nm and 894 nm for pre-industrialization of an optical CFS. The 

other partners are Laboratoire Temps-Fréquence (University of Neuchâtel) which has longstanding expertise in design 

and evaluation of atomic clocks, along with characterization of laser diodes for atomic pumping
11

, Oscilloquartz S.A. 

(ADVA Optical Networking) a clock manufacturer designing the optical CFS and Thales Electron Devices (subdivision 

of Thales Group) which will supply the Cesium tube.  

III-V Lab results on Aluminum-free based DFB laser diodes at 852 nm have shown to compel with almost all previous 

requirements for a clock application: low threshold current (50 mA at 25°C), high differential external efficiency (around 

1.1 W/A at 25°C), high power output without noticeable thermal roll-over (110 mW at bias current of 150 mA and 

25°C). The Cesium D2 line was obtained at 30°C and a current of 200 mA, for which the Side Mode Suppression Ratio 

(SMSR) was higher than 50 dB and the linewidth at -3dB egal to Δν=300 kHz for white noise part and Δν=400 kHz for 

low frequency noise component, with an overall Δν<500 kHz at 200 mA bias
12

. In addition, ageing tests of DFB lasers 

have shown long-term reliability (more than 10 years) with no significant degradation of the key parameters mentioned 

before
13

. Finally, the laser diode enables to operate the new optical CFS prototype without optical feedback issue.  

In conclusion, III-V Lab goals are to reproduce comparable results for the Cesium D1 line at the wavelength of 894 nm 

and make further improvements on laser design through the experimental feedback of prototype testing. 

2. LASER STRUCTURE 

The vertical laser heterostructure is realized by Metal Organic Vapour Phase Epitaxy (MOVPE) growth on an n-doped 

(100) GaAs buffer wafer. The active zone is composed of a 8 nm compressive-strained (+1%) InGaAsP quantum well 

embedded in a ~1 µm GaInP Large Optical Cavity (LOC). The LOC is surrounded by AlGaInP confining layers 

providing the refractive index gap for effective optical confinement (Figure 2). Also, a ~50 nm InGaAsP grating layer is 

inserted between the cladding and the LOC in a second-step regrowth (see below).  

The analysis of the photoluminescence wavelength of the quantum well on a calibration structure (2 inches wafer) 

showed that the emission is spectrally centered at 885 nm. 

 
Figure 2: Laser structure. Active region is Al-free. 
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3. RIDGE LASER CONCEPTION 

3.1 Ridge design 

Previously, 100 µm multimode broad-area laser were design and processed to test materials capabilities
14

. Low internal 

losses (below 2 cm
-1

), high external differential efficiency (0.49 W/A per cleaved facet) and  low threshold current 

density of 190 A/cm², for 2 mm lasers at 20°C, were measured. In the meantime, the emission of these lasers showed a 

gain maximum at 885 nm, which was 9 nm lower than the expected 894 nm for this first try of fabrication. However, it 

was shown that the gain can be tuned to the desired wavelength by means of laser heating to around 65°C. 

In order to obtain spatial single mode emission, lateral confinement in the waveguide can be provided by etching a few 

microns wide ridge in the laser layers. The properties of the optical confinement depend mainly on the refractive index of 

the several materials, on the ridge width and on the depth of etching in the layers.  

 

Figure 3: Example of fundamental TE mode field computing with FMM technique. Figures are given in µm. 

Figure 3 shows some typical optical simulation using Film Mode Matching (FMM) algorithm for field eigenmodes 

computing. The fundamental Transverse Electric (TE) mode has a computed effective refractive index of about neff=3.27 

at room temperature. For a given etching depth, there exists a cutting ridge width below which the structure stands only 

this circular-shaped mode. In practice, we choose a ridge w=3.5-4 µm and realize an etching depth of around 1.7 µm to 

ensure lateral single mode behaviour. 

3.2  DFB design 

Single longitudinal mode behaviour can be achieved using Distributed-Feedback effect, which consists in coupling the 

laser cavity to a nanoscale corrugation of periodic refractive index change (Bragg grating, figure 4). The coupling 

strength to the grating can be defined by the (real) coupling coefficient κ. In the case of a second-order grating, an 

opening ratio of the corrugation of a=Λm/Λ=0.23, where Λ is the total corrugation period (pitch) and Λm the opening 

length in grating layer, gives maximum κ value while a=0.5 gives no coupling. In our case, we compute κ=8.5 cm
-1

 for 

a=0.23 and κ=5.9 cm
-1

 for a=0.35 yielding a normalized reflectivity of respectively κ*L=1.3 and κ*L=0.9 for device 

length of L=1.5 mm length device. These values are in line for the DFB modes to have lower losses compared to the 

Fabry-Pérot natural cavity modes (that exist without grating) which are then dominated by the former ones in lasing 

action. Also, the discrimination between the two DFB modes of the stop-band is favoured by applying reflecting coating 

at one cavity facet and anti-reflecting coating at the other.  
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Figure 4 : Schematic of the Bragg grating structure. Figure 5 : Bragg law for second order gratings. 
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In the meantime, the DFB single mode wavelength is given by Bragg’s law (figure 5). For an emission at 894.4 nm and 

an effective index of neff=3.27 at 25°C, a Bragg pitch of Λ=273.5 nm is computed. In practice, several Λ values are 

tested on the same wafer, given the uncertainty on the neff computation. In the meantime, the DFB should work at around 

65°C given the gain detuning mentioned above. The effective index rise with temperature has then to be taken into 

account to obtain good accordance between the Bragg wavelength and the gain peak for effective lasing action at 65°C. 

4. RIDGE LASER AND BRAGG GRATING PROCESSING TECHNOLOGY 

After a first step of epitaxial growth of the heterostructure including the quantum well, a second-order Bragg grating 

with a period ranging from 272 nm to 275 nm is defined by ebeam lithography in the grating layers, followed by pattern 

etching by means of Reactive Ion Etching. A second step of regrowth burries the nanostructure up to the highly doped 

top GaAs contact layer. Figure 6 is a typical scanning electronic microscope (SEM) picture of a cut of the epitaxial 

structure. Good grating definition and layers planarity after regrowth of materiel are noticeable. The mean opening factor 

of the corrugation is approximately a=0.33 (figure 7). 

 

  
Figure 6 : SEM view of the total structure. Figure 7 : SEM view detail of the grating layer. 

 

By standard photolithography, a double-trench waveguide of 3.5-4 µm wide is defined at the top of the heterostructure to 

maintain a single transverse mode in the cavity (figure 8 and 9).This etch step is done by Inductively Coupled Plasma. 

An insulating SiO2 layer is deposited on the surface by Plasma Enhanced Chemical Vapor Deposition. On the top of the 

mesa, SiO2 is removed to enable localized current injection. Top p-type Ohmic contact is made of Ti/Pt/Au deposit. 

After reduction of the GaAs substrate thickness down to 100 µm, the Au/Ge/Ni/Au bottom n-type contact is deposited. 

Following an annealing at 400°C, a new deposit of Ti/Pt/Au is realized. 

 

 
 

 

Figure 8 : Schematic of the ridge DFB laser structure. Figure 9 : SEM view of the top double-trench ridge waveguide. 

 

At the end of the process, the wafer is cleaved in bars of length L=1.5 mm and L=2 mm cavities. The facets are coated 

with dielectric mirrors. Standard 3% (front facet) and 95% (rear facet) reflectivity are achieved. The individual chips are 

separated and mounted p-side up on C-mount, equipped with a CuW heat dissipator, for lab characterisation.   

275nm 

~3.5µm 



5. RESULTS OF RIDGE DFB LASER CHARACTERIZATIONS 

5.1 Characterization procedure description 

In a first step, basic measurements of the optical power versus injection current (L-I curve) and rough spectral 

investigations (use of a 10 pm resolution optical spectrum analyzer) were performed on C-mounted lasers right after 

fabrication. At this stage, around 88% of the devices showed good apparent DFB single mode lasing (first batch test of 

62 devices). In a second step, in-depth characterization both in III-V Lab and LTF premises were conducted on the 

devices that passed the first screening.  

A dedicated test bench was assembled in the latter site with particular emphasis on spectral parameters. The C-mount 

packaged laser under test is installed on a thermally controlled platform (see Figure 10) which temperature can be freely 

adjusted and stabilized. This platform and the associated thermal controller were developed on purpose, as no 

commercially available C-mount holder could be found, which proposed sufficient thermal stability (around 10 mK) for 

laser diode free-running mode. Beside measurements of the L-I curve, yielding current threshold and slope efficiency 

values, the evaluation of the frequency tuning coefficients versus current or temperature is realized by means of a 

precision wavemeter (10 MHz resolution). SMSR measurements rely on an optical spectrum analyzer, while the relative 

intensity noise (RIN) and the frequency noise are measured with a fast Fourier transform (FFT) spectrum analyzer.  

 

Figure 10: Platform onto which a laser packed on a C-mount is 

fixed. Thermal adjustment and stabilization is obtained by a 

Peltier element placed below the platform and a temperature 

controller. A cap (not shown) ensures proper protection against 

air fluxes.  

 

 

As the primary goal of the laser diodes is to officiate as light source for Cesium-based research set-ups or application 

apparatuses, each laser diode is controlled to operate at Cesium D1 line at 894 nm using a Cesium vapour gas cell to 

record the Cesium spectrum in a sub-Doppler absorption scheme based on atom velocity selection. The vapour gas cell is 

not heated and stands at ambient temperature. An example of recorded spectrum is presented in Figure 11. The 

temperature TCs at which a laser diode reaches the Cesium wavelength (corresponding more precisely to the transition 

from the ground state F=4) while delivering 40 mW of optical output power is determined. This condition serves as 

benchmark for comparison between the various devices – it shall be noticed that the RIN and the SMSR are determined 

when the laser under test is operating at TCs, the SMSR being recorded for various current values. The same Cesium cell 

is used as frequency discriminator for the measurement of the frequency noise spectrum. In this case, the laser frequency 

is tuned to one of the slopes of the F = 4 ® F’ = 3 transition.  

 

 

 

 

 

 

 



 

Figure 11: Spectrum of Cesium D1 line at 894nm as obtained when sweeping the DFB laser current and monitoring the 

transmission signal through an evacuated gas cell filled with Cs. The hyperfine levels F associated to the total angular 

momentum of the atom are indicated for each optical transition from the ground state 62S1/2 to the excited 62P1/2; see 

Figure 1. The slope of the baseline is due to the variation of the emitted optical power with respect to the current.  

 

Two different types of laser noises may limit the performance of a system like an optically-pumped atomic clock, and are 

therefore measured: optical power fluctuations (given by the RIN), and frequency fluctuations (also known as frequency 

noise). The laser linewidth at 894 nm is derived from the frequency noise spectrum and the b-separation line 

formalism
15

. This method was applied because no narrow-linewidth laser was available for this wavelength to create a 

beat note with the device under test in a heterodyne configuration. However, the results from the b-separation line 

method were compared to linewidth measurements in a heterodyne set-up built around an external cavity diode laser in 

the case of DFB lasers emitting at 852 nm. Both methods fit into agreement within the error bars (10%-40%) of the 

heterodyne method, confirming that the b-separation line method provides trustful linewidth values.   

5.2 Characterization results 

At 25°C, the current threshold and the slope efficiency are in average 58 mA and 0.59 W/A, respectively, for laser chips 

of 1.5 mm length, while they amount to 70 mA and 0.53 W/A, respectively, for laser chips of 2.0 mm length. When 

operating the lasers at higher temperatures, the current threshold increases, while the slope efficiency diminishes in 

accordance to the expectations. For the case of a 2.0 mm length laser chip running at a temperature of 67°C, the current 

threshold and slope efficiency amount to 91.8 mA and 0.43 mW/mA, respectively, as illustrated in Figure 12. In average, 

the frequency tuning coefficients equal -1.2 GHz/mA and –20.5 GHz/K for current and temperature, respectively.  

 

Figure 12: L-I characteristic for a laser operated at 67°C to reach the Cesium D1 line. 

 

Depending on the samples, the fabricated DFB lasers reach the Cs D1 wavelength at a temperature between 66.4 and 

70.3°C for an injection current of 160-185 mA settled to deliver 40 mW of optical power. The grating pitch used for 

these results is Λ=275 nm. Such temperatures values of operation, higher than expected, enables laser gain to match 

Bragg condition, as explained before. For those parameters, SMSR values always larger than 45 dB are observed, as 

-0.38

-0.36

-0.34

-0.32

-0.30

S
ig

n
a

l 
[V

]

1211109876543210-1-2

Frequency [GHz]

40

30

20

10

0

P
o

w
e

r 
[m

W
]

200180160140120100806040

Current [mA]

C-Mount C0190
 Tlaser = 67°C

F=4®F’=3 

F=4®F’=4 

F=3®F’=3 

F=3®F’=4 

9.192 GHz 



illustrated in Figure 13. Also, the linewidth at 4 ms equivalent observation time and Full Width Half Maximum (FWHM) 

lies between 640 kHz and 1.0 MHz and therefore meets the target value of 1 MHz or less. It is retrieved from frequency 

noise spectral densities (see Figure 14), whose flicker noise mostly fits the function (in Hz
2
/Hz) 2∙10

10
/f 

1.08
, f being the 

Fourier frequency. The relative intensity noise is always less than 10
-12

 Hz
-1

 at f >10 Hz. More precisely, it remains 

below 1∙10
-11

/f  Hz
-1 

for f between 10 Hz and 1 kHz and less than 10
-14

 Hz
-1

 above 1 kHz for all evaluated DFB lasers, as 

shown in Figure 15.   

 

Figure 13: Typical emission spectra of one of the 894 nm DFB 

lasers as measured for various current values with an optical 

spectrum analyzer when the laser is operating at a temperature 

TCs of 70.3°C. Cs D1 line is reached at a current of 182 mA and 

an optical power of 40 mW. The corresponding SMSR is larger 

than 49 dB. 

 

 

  

Figure 14: Example of frequency noise spectrum for one of the 

894 nm DFB lasers, operated at a temperature TCs of 70.3°C and 

a current of 186 mA to deliver 40 mW at Cs D1 wavelength. 

Figure 15: Example of RIN for one of the 894 nm DFB lasers, 

operated at a temperature TCs of 67.5°C and a current of 

186 mA to deliver 40 mW at Cs D1 wavelength. 

6. PACKAGING IN TO3 

For the purpose of laboratory characterisation, the lasers were mounted on C-mount. As for the use in compact atomic 

clock setup, lasers have been integrated to a standard TO3-can equipped with a CTN and Peltier element for temperature 

sensing and control. Such assembly is a ready-to-use device for the clock’s manufacturer (figure 16). 

 

 
Figure 16: Example of TO3 packaged laser for direct use in atomic clock setup 
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CONCLUSION 
 

The aim of the LAMA project is to provide reliable laser modules at 852 nm and 894 nm for pre-industrialization of an 

optical CFS. Therefore, we have designed DFB lasers emitting at 894 nm. A first batch of such lasers was produced. 

They were fully characterized using, in particular, Cs spectroscopic techniques. For these devices, laser emission at 894 

nm was achieved for 1.5 mm and 2 mm cavities, with the required output power (40 mW), low threshold current (70 

mA), good external efficiency (0.5 W/A), low linewidth (<1 MHz) and operational temperature of 66-70°C. Special 

attention was attached to measurements of noise properties like intensity and frequency noises. The RIN stays below 

1∙10
-11

/f  Hz
-1

 for Fourier frequencies f between 10 Hz and 1 kHz, and less than 10
-14

 Hz
-1

 for f above 1 kHz, while the 

flicker noise component of the frequency noise shows an upper fit function of 2∙10
10

/f  Hz
2
/Hz. These values are in line 

with the requirement of the clock’s manufacturer. Current and further on-going work is focused on producing reliable 

modules reaching 894 nm at room temperature, by epitaxial recalibration and recomputing of the effective refractive 

index of the structure.  
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Abstract— Thales Electron Devices and RUAG currently 

develop the engineering model of the Optical Space Cs Clock 

(OSCC) in the framework of an ESA/CNES project. Recent 

progress of the project is reported. Emphasis is put on the 

performance tests using new laser sources delivered by III-V 

Lab. The implementation of an isolator-free optics subsystem and 

the space evaluation of the laser and photodiode are discussed. 
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I.  INTRODUCTION  

The optical pumping of the Cs hyperfine state was 
identified many years ago as a suitable technology candidate 
for an atomic clock to operate in GNSS, and in particular in 
Galileo. Related industrial activities currently develop this 
technology with focus on ground applications [1, 2]. Based on 
their heritage in the domains of Cs clock development and 
space electronics, Thales Electron Devices (TED) and RUAG 
currently develop the engineering model (EM) of the Optical 
Space Cs Clock (OSCC). The current project phase started in 
2015 and will end in 2017. 

II. FORMER DEVELOPMENTS AND DESIGN TARGET 

In end of the previous development phase in 2013, a short-

term frequency stability of 3E-12τ-1/2 was demonstrated. The 

target of the present phase is 1E-12τ-1/2. Further new design 
constraints are: 12 liter volume, 10kg mass, 30W power 
consumption and 12 years lifetime in medium earth orbit. 

III. PRELIMINARY DESIGN 

The preliminary design of the engineering model has been 

completed in spring 2016.  

A. Functional Architecture 

The functional architecture was consolidated in former 
development phases. As shown in Fig. 1, the clock is 
composed by the Laser and Optics (L&O) sub-system (s/s), 
the Atomic Resonator (AR) s/s and the Electronic Package 
(EP) s/s.  

The preliminary design of the housing of the engineering 
model is shown in Fig. 2. It demonstrates the theoretical 
feasibility of a highly integrated clock. Small size AR (target 

5kg, 6 liters) and L&O s/s (target 500g, 1liter) were re- 
designed to fit with weight and volume constraints. The 
concept of the EP was modified using multiplexing 
technologies to reduce the number of components. 
Oversampling approaches are implemented to reach the 
necessary signal conversion resolutions while maintaining low 
power consumption through low bit-number AD/DA 
converters. The over-all housing is optimized in order to 
withstand the vibrational constraints at satellite launch while 
still providing the necessary thermal conductivity.  

IV. TEST OF A NEW DFB LASER DIODE SOURCE 

During the former development phase of the industrial, 
optically pumped Cs clock, the laser diode has been evaluated 
as the most critical technology. The reach of optimal 
linewidhts below 1 MHz [6] was historically linked to the use 
of external cavity diode lasers. Although this technology is 
well known, it appears to add a significant amount of 
complexity to a commercial clock. Today, even two European 
suppliers provide T03 packaged DFB sources with a specified 

The Cs clock development is supported by the European Space Agency

under European GNSS Evolution Program (activity ID-98) and CNES under

contract n° 150920. The DFB laser diode development project LAMA is 

supported by Euripides/CTI grant No. 14750.1 PFNM-NM 

Fig. 1.  Functional Architecture of the optically pumped Cs clock 



linewidth below 2 MHz as a standard product. They can be 
readily implemented in a clock. Nevertheless, a clock 
performance comparison using these sources was so far not 
available and will be presented here. 

A. Suitable atomic transitions 

The theoretically achievable clock performance is proportional 

to the product of the signal to noise ratio of the detected Rabi-

Ramsey Signal Fringe. The following table recalls the optical 

pumping/read-out transitions which are theoretically the most 

suitable for clock operation and highest SNR [3]. Therein, the 

value ∆n is the theoretically achievable Cs atom hyperfine 

level population difference which can be achieved by optical 

pumping. All the mentioned transitions are subject to the 

Hanle effect [5]. This coherent population trapping during 

pumping is circumvented by the known principle of spatial 

depolarization of the laser beam. In the ideal case, the highest 

product of population difference ∆n and photons per atom will 

provide the highest SNR. In conclusion, the D1 4-3’ and the 

D2 3-3’ transitions are theoretically the most suitable for clock 

operation. In the previous phase of OSCC, the D2 4-4’ 

transition has been used according to the exclusive availability 

of a Cs D2 DFB laser source. 

TABLE I.  RECALL OF SUITABLE CS TRANSITIONS   

B. Performance comparison to former developments  

The following table II summarizes former developments of 

optically pumped Cs clocks in single optical frequency 

configuration. The value Q is the quality factor of the atomic 

resonator and 1/Q*SNR is proportional to the theoretical 

achievable clock stability assuming σ(t) ~ [Q*SNR]-1t-1/2. 

TABLE II.  COMPARISON OF SIMILAR FORMER DEVELOPMENTS  

Clock 

(year) 

Oven temp 

°C 
Transition Laser 

SNR 

(typ) 
1/Q*SNR 

Tekelec 

(2000) 
110 D2 3-3’σ DBR > 4500 < 1E-11 

Cs4 

(2000) 
90 D2 3-3’σ DBR 11800 6E-12 

PHACS 110 D1 3-4’π ECDL 9200 2.5E-11 

ECO 95 D2 4-4’dp DFB 13500 6.1E-12 

OSCC 

(2013) 
95 D2 4-4’dp DFB 17000 4.8E-12 

dp…depolarized,  

Indeed, the Cs D1 transition has not been studied so far using 

a readily applicable DFB laser. In addition, the quality factor 

of the PHACS atomic resonator did not permit to reach the 

OSCC target stabilities.  

C. Test of a new DFB laser diode  

For Cs clock application and in the frame of the European 

Euripides LAMA project, III-V Lab has recently developed an 

active region Aluminum-free DFB laser diode emitting at Cs 

D1 line 894nm. The implementation is based on previous 

results at Cs D2 line 852nm [4]. The laser is a Separate 

Confinement Heterostructure (SCH) made of a single 

compressive-strain 8 nm thick GaInAsP quantum-well 

embedded in a GaInP 1 µm wide cavity, surrounded by 

AlGaInP cladding layers, see Fig. 3. Such structure has low 

transparency current density J0=93A/cm² and low internal 

losses !i=2cm-1. The cavity single transverse mode behavior 

is enabled by etching a few µm wide (~3.5µm) ridge 

waveguide in the layers. On the other side, the single 

longitudinal mode operation is ensured by definition -with 

Ebeam lithography- and etching of a second-order Bragg 

grating above the active zone, followed by an epitaxial re-

growth to bury the diffraction pattern up to the top contact 

layer. When the two laser facets are coated with, respectively, 

antireflective and high reflectivity dielectric mirrors              

Line Transition ∆n in % Photons/atom 

D1 4-3’σ 16.5 4 

D2 3-3’σ 12.2 4 

D2 4-4’σ 15.5 2,4 

 

Fig. 2. Preliminary design of the housing of the engineering model. The 

Atomic Resonator is on the top, the Laser and Optics s/s on the right, 

the Electronics Packaage is integrated in the housing below. 
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Fig. 3. III-V Lab laser structure. The active region is Al free. 



(3%-95%), the laser shows single mode behavior at Cs D1 line 

with more than 45dB Side Mode Suppression Ratio (SMSR), 

at the operation temperature of ~65°C. For a 2 mm laser bar, 

the threshold current at such temperature is in the range of 90 

mA, with 0.5W/A of external efficiency. An output power of 

40mW at 185 mA bias is obtained in such conditions. The 

laser linewidth was measured by two different methods: with 

the self-heterodyne setup (2 km delay line and 4 ms 

integration time) and by derivation from the frequency noise 

characteristic from 250Hz to the high frequencies [4]. Both 

methods show that the linewidth lies in the range of 0.7 to 

1MHz. Ongoing developments aim at DFB Cs D1 line at 

ambient chip temperature. They modify the design in order to 

improve the threshold current and the external laser diode 

efficiency. All chips are integrated into a TO3 can, monitored 

and controlled in temperature. Table III compares the III-V 

Lab laser diode to the eagleyard [8]. Although the electro-

optical tuning coefficients are nearly identical, the III-V 

provides a significantly smaller linewidth. 

TABLE III.  LASER DIODE COMPARISON – TYPICAL PERFORMANCES 

D. Signal To Noise Ratio Measurements  

Table IV shows the measured SNR performance of the OSCC 

Cs tube using three different laser sources, an eagleyard DFB 

at 852nm and two III-V Labs DFB emitting at 852nm and 

894nm respectively. They key results of the present paper. All 

measurements were carried out with a HP35670A FFT 

Spectrum Analyzer. All three laser diodes were packaged in 

TO3. They were implemented on a dedicated optics test bench 

seeding the Cs Atomic Resonator with identical geometric 

properties independent to the laser used. The beam intensities 

were optimized for each laser. This approach permits a 

quantitative comparison of the maximum achievable SNR. An 

impact of the optical linewidths on the SNR is expected 

according to [6], but its level is driven by the part of un-

pumped Cs atoms in the signal detection [7]. 

TABLE IV.  CS-CLOCK/LASER DIODE COMPARISON – TYPICAL 

PERFORMANCES 

SNR in 1/Hz1/2 on OSCC tube at 96°C Cs oven 

measurement uncertainty 500Hz-1/2 

DFB Laser D1 4-3’ D2 4-4’ D2 3-3’ 

eagleyard n/a 15000 15500 

III-V Lab 20000 15000 16500 

 

The ratio un-pumped atoms for the experiments considered 

here is lower than 5E-3. At this level, a small impact of the 

laser diode linewidth on the detected noise level is expected. 

This is confirmed by the measurement shown in table IV. In 

line with the theoretical expectation, the highest SNR is 

obtained with the D1 4-3’ transition.  

V. SMALL SIZE LOW WEIGHT OPTICS BENCH 

A key design challenge on the design of the OSCC clock are 
the mass and volume constraints. In order to minimize the 
respective budgets of the laser and optics s/s (500g, 1liter), a 
simplified optics bench has been designed. Despite a cold 
laser diode redundancy, it contains only the minimum number 
of optical elements and no optical isolator.  

A. Prototype implementation 

In order to verify the functionality of this optics design, a 
partially representative prototype was implemented together 
with a dedicated Cs tube. The latter is nearly identical to the 
OSCC one. It uses the concept of tilted optical windows in 
order to reduce the amount of back-reflected light into the 
laser diode. Both tubes show the same SNR performances on 
the optics test bench. 

B. Performance validation 

With this new atomic resonator and optics bench, a typical 

SNR of 24500 is measured using the III-V lab DFB laser 

diode on the Cs D1 4-3’ transition, at 100°C Cs oven 

temperature and under optimization of all optical beam 

properties. This level of SNR of corresponds to a theoretical 

clock stability of better than 2E-12τ-1/2. The maximum Cs 

oven temperature for OSCC is 100°C in order to limit the Cs 

consumption over 12 years target lifetime.  

The Fig. 4 shows the clock stability when measured against an 

OSCILLOQUARTZ BVA 8607BM quartz reference oscillator 

and using the electronics hardware from previous OSCC 

breadboard development.  A short term stability of better than 

2.8E-12τ
-1/2 is measured at 20s integration time. The slight 

stability degradation for longer integration times might be due 

to thermal drift of the reference oscillator. The discrepancy to 

the expected 2E-12τ
-1/2 is attributed to non optimal parameters 

of the clock electronics. In summary, the stability shown in 

Fig. 3 demonstrates the applicability of the III-V Lab 894nm 

DFB laser diodes for optical clock application. Their 

functionality is validated in a setup without an optical isolator. 

DFB Laser GHz/K GHz/mA ∆ν MHz SMSR dB 

eagleyard 24 1.2 2 > 30 

III-V Lab 25 1.1 0.7 to 0.9 > 45 

 

Fig. 4. Validation of the simplified optics bench using Cs D1 4-3’ 

transition. The clock loop resonance is at 1Hz. The Quartz reference 

oscillator limits the measurement precision above 200s. Data obtained with 

a Timing Solutions TSC5110A time interval counter.  



TABLE V.  CS-CLOCK NOISE BUDGET  AND TYPICAL CONTRIBUTIONS 

 

Table V shows the over all noise budget of the measurement. 

The detected noise is limited by the noise in the atomic 

fluorescence signal. This is in line with the consolidated 

design of the photodetector signal amplification and the 

optimized properties of the interrogating laser beam. 

Nevertheless, improvements in the atomic resonator optics 

design can still reduce the amount stray light and improve 

clock performance.  

VI. SPACE EVALUATION OF OPTOELECTRONIC 

COMPONENTS 

Being conceived for a lifetime of 12 years in medium earth 

orbit, all components of the clock will have to be space 

qualified at a later development phase. The current project 

phase aims to reduce the associated risk. The latter is 

essentially driven by the space-qualification of the 

optoelectronic components: the laser diode and the light 

detecting photodiode. In a pre-evaluation phase in 2015, the 

most critical properties and degradation modes of the two 

components were identified based on supplier heritage and 

expertise of THALES, CNES and ESA. To reduce the 

remaining qualification risks, a respective space-evaluation 

program was defined and will be implemented starting-2016. 

A. Laser Diode 

The design baseline is a TO3 packaged DFB laser diode as an 

off-the-shelf product with modifications. Liftetime, and 

component construction have been identified as most critical 

issues. They will be evaluated in detail in the current project 

phase. In contrast and based on return on experience from 

former laser diode  qualifications, radiation induced damage 

(100krad over 12years) was evaluated to be a minor risk. The 

same holds for the hermeticity of the TO3 packaging which 

benefits from longstading industrial heritage. 

B.  Photodiode 

The OSCC development was so far based on a Hamamatsu 

S1337 large area, low noise photodetector. Former CNES 

evaluations demonstrated that this off-the-shelf detector 

cannot be space qualified mostly due to hermeticity issues of 

the packaging. In early 2016 TED conceived with First Sensor 

a customized detector for a space evaluation. It is an off-the-

shelf product with modifications and shall even slightly 

increase the detected clock signal level (clock stability) due to 

a higher light collection efficiency. The foreseen detector chip 

is similar to a quadrant detector which is currently qualified 

for the use in a space sun-sensor application. Indeed, the 

photodetector dark noise could be increased by the total 

ionizing dose above the acceptable margins. This aspect will 

be verified in the space-evaluation program 2016-2017. A 

dedicated test campaign will be implemented concerning the 

photodiode substrate types (n-type or n-type). The impact of 

ionizing radiation is known to depend on this parameter. The 

customized TO packaging will benefit from supplier heritage 

on a similar packaging for EUCLID mission. 

VII. CONCLUSIONS 

The preliminary design of the OSCC engineering model is 
reported. In addition to mechanical and electronic design 
improvements, a new laser diode source and a new optics 
bench were developed and tested successfully. Using a III-V 
Lab 894nm DFB laser diode on the Cs D1 4-3’ transition, a 

clock stability of better than 3E-12τ-1/2 was demonstrated. The 
implemented optics s/s is of minimized complexity and does 
not contain an optical isolator. As a first step towards space 
qualification, possible degradation modes of the laser diode 
and the photodiodes were evaluated. To reduce the remaining 
qualification risks, a dedicated space evaluation program was 
developed and will be implemented starting 2016. 
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Typical noise levels in µVrms/Hz1/2 at 40Hz (pre-amplified signal) 
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Light  
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54 21 30 41 










