« Background
— basic quantum optics (two-level atoms, Maxwell-Bloch equation)
— pulse propagation and compression
— Real fun just begins now.

* (Generation and Characterization of Ultrashort Pulses
— CW laser and Q-switching
— Mode-locking (Active and Passive)
— KLM, Semiconductor saturable absorber
— Characterization: Autocorrelator, SPIDER, FROG

* Applications
— Time-resolved spectroscopy (pump-probe)
— Optical frequency metrology

— Optical sampling with electronic-photonic integrated circuits
— Micromachining

— Imaging
— Amplifications; High-harmonic generation and X-ray pulses




Atom-field interaction

< Electromagnetic field

Two-level atom

Interaction energy is determined by electric dipole moment.

Hy r=-—p-E(Z4,1).

(under dipole approximation: EM wavelength >> atom size - E-field is constant)



|Isolated two-level atom

Es » = —[H, pl.

Two-level atom
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Dipole moment oscillates with weg



Two-level atom interacting with field (thermal light)

E Von Neumann equation
Egs (including incoherent or dissipative process)
1 [H .
p = Tl P
Eg
H=Ha+ HF + Har
Two-level atom
1
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Spontaneous emission Stimulated emission Absorption



Two-level atom interacting with field (thermal light)

d. . .. d
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Two-level atom interacting with field (thermal light)

: . - 1. .
Dipole moment ¢ = .. = {]JWs, — ?.lu:!.
| : . : ; w — Wy
nversion W = Pp— Pgg = ———
S g8 TJ
1 2 C T 2ng, +1
where T T, a — =

[ JF

T1 = energy relaxation time
T2 = phase relaxation time

Equilibrium i i Lo — 1. — tanh [ e
Wn = = = —Tann )
QUI IDrium Inversion i rn s Fe 1+ fr?-,f,.-,_ T



Relaxation times

: . - 1.
Dipole moment ¢ = .. = {JWs, — ?.lu:!.
| : . : ; w — Wy
nversion W = Po— Pog =
T
1 2 C T 2ng, +1
where = = _—
I I Top

T1 = energy relaxation time
T2 = phase relaxation time

|deally, T2 = 2T+

In reality, T2 << 2T+



Population inversion

-, , N 1.
Dipole moment & = g, = {_Ji'v'eg — ?Jﬂf-
_ i , . w — Wy

Inversion W = Pee = Pgg =

T
E Ib . . . rn - F-E' —1 t l EA';'-:-E-;:

Wo = = — —tanh .

quilibrium inversion wg T +T. 1+om, T

Always negative for T>0!!!
Population inversion is impossible with incoherent
thermal light if there are only two levels!!!

— Needs “pumping” with incoherent light to
an atom with additional levels (to achieve artificial
“negative” temperature).



Population inversion

Example: 4-level

N
e

\Fast decay Wy = :
> \Rﬁ.\—l— T, N\: pump rate
A
9> - A — ].HE B hen AsT
/ Fast decay Wo = AT, 0 when A>Te
- E

3-level and 4-level systems
will be dealt later again.



Two-level atom interacting with
coherent classical external field

; . 3 | N
Dipole moment ¢ = .. = {JWs, — T ja.
I _ , , _ w — W
nversion W = Pop— Pog = ——
ce g T,
Adding L | - .
g ﬁ[H £, P term to the previous result:
Bloch Equations:
- 1 I = =,
d = —(— — r;.-_'E Iu:I_" T *_._?LIEI'-F'J'EU.
_ w — w 1~ = —~ =
W o= — L —(M*Ed — ME™d*).
Tj JE

Describing the dynamics of an atom interacting with a classical E-field



In the stationary state...

(driven by monochromatic field: ~ E(t)") = Ee**, )

J- J_ -
d = —(=—jweld+—ME"w, — d=d*
A T
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Saturated inversion, Saturated intensity

Lorentzian lineshape: L(w) =

Wi
Saturated inversion: We — T T7 ()
L 22!
Saturation intensity: | ; _ | 27172 ZF ME




Maxwell-Bloch Equations

1 &Y\ = 8 - .
A— = E Nz t) = pg—=P' 7z, 1)
( cg E-'tg) 22 b Hoge? % b))
Pz t) = —2NM*d(zt)
- 1 1
d = —(— —ijw.)d+—ME"y
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1 — W 1
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What happens if an EM wave with a slowly varying envelope propagates?

—_

) 5T Al +\ailwegt—Foz) 2
E(z, t)\7 = /225 A(z, t)e'wWest—F0zlg



Maxwell-Bloch Equations

What happens if an EM wave with a slowly varying envelope propagates?

m f

i 5 ) i / " "w. t_ll':l' .." —
E(z, t)\7) = /225 A(z, t)e\ et e

|

Excites dipole moment in the atomic medium

Ti

dlz. t) =d(z. t)e

Hiwagt—kgz)

l Maxwell-Bloch Egs:

0 L 19 At Ve[ 2R (2 1) (2.166)

— L —— | A(z.t) = jNe M/ —d(z. 1), 2.
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Maxwell-Bloch Equations

when T2 is much shorter than the variation of envelope A(t)

—d(z.t) = ——d+X— (M)At )w —
ot T, | 2k (218) Aty °

d = Ty 5 (_‘L-f EJ Alt)w,
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Es = IsT1 : saturation fluence (J/cm”2)



Rate Equations

Where is dipole moment?

Now we can express only with population difference (of atom)
and field amplitude (of wave) !!

(a 1 c‘:“) e NB oy
- 1 Alz T) = wilz. L) AlZ ).
3z o) VY T amE, U

=
(=

—> Obtaining gain for inverted (w>0) medium!!!

Wo Gain saturates with the

L TlA ? EM power density
ES

1



Now let’s jump into the new chapter.



Rate Equations

Back to the result of Maxwell-Bloch equation,

Rate equation
for population ——
inversion

where

L w—wo |Alz )" | .
L/ — TI - EJ ..L,ﬂ &
dav — w-w, [
- - — W
di T, T,
_ -
Saturation 2N 1. 2F ‘HE‘
intensit ? 2 =12
\ I ‘E‘




Rate equations for two-level atom

T
Figa 23— N,
. Tl\ 1/\/\/\—* Ape
v e
g

Terminology for treating single-mode laser
N1 and N2 : Populations in level 1 and 2

NL: number of photons
nL: density of photons in the mode interacting with the atoms

vg: group velocity of photons

V: mode volume
Vg: volume of the active gain medium



Rate equations for two-level atom

T
=i 2 N,
5
VS
v 1 Ny
Vg
One definition: Cross section | 5 — hfc |~ M |2 T
2117 2
Physical meaning? AP, =c-]

abs

(dipole antenna capturing radiation?)



Rate equations for two-level atom

hf, 1
—f‘ Y and [ L > T
finzv,, ST 5T I ov,n, 1
o
w= (N, —-N,) — =R,
1
dv — w-w, [
- = — W
i T, Tl
‘ d . (Ng — Ny
> EL__\.E__M_J:_ T — g (N2 — N1)y,nr + R,

(Rate equation for population)



Rate equations for two-level atom

Ok, then how about the rate equation for photon density?

. Nh
of Maxwell-Bloch ) Az t) = w(z,t) Az, ),
equation: %a': o 5'*:# 11, E

=
(=

Recall the result ( 3 18

—— Not straightforward to solve.. (boundary condition, non-uniform field)

In fact, we only concentrated to solve the problem from the view point of “atom”
in Chapter 2 (photon dynamics is not properly dealt with).

d ng l,ov, |
dt T, LV
L} V

(Rate equation for photon density)



Rate equations for two-level atom

— V2 — V1) = — — T [i¥a — N1 ) Ugnt

-ﬂfl' / T[ g a
d ng l,ov,
—n = —— 4+ ——— [Na(np +1) — 1"'f|a'r'fL]
di To LV, Vv



Loss in the cavity

T
b 2 HE
%0
S| I VYS
v : N,
Vg
d 1nr [, o

—_— = — — 2 E [ Na(n 1) — IV _
di?"‘; ®-|— LV, (TLL -|-le [?‘.LL]

1. Loss from output coupler: power transmission T

Powerloss 2l=—In(1—-T)==T per round-trip
T, =1,/2] where Tr =2'L/co and [ =] + ne]
2. In reality, there is internal loss too. 1 = I + 1




Four-level system

3 N

3
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Four-level system

N
3
Y72 Fast decay
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Four-level system

N

3
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N d .
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Wave- Cross Upper-St. Linewidth Refr.
Laser Medium length Section Litetime Afrvaar = | Typ| index
Ag{nm) o (cm?) 7L (us) ={THz) n
Nd*T:YAC 1,064 4.1-107" | 1.200 0.210 H 1.82
Nd"t:LSB 1.062 1.3-107° | 87 1.2 H 1.47 (ne)
Nd*:YLF 1.047 18- 10719 | 4530 0.390 H 1.82 (ne})
Nd¥ T YVO, 1,064 2510717 [ 30 0.300 H 2.19 (ne)
Nd't:glass 1,054 4.107%° 350 3 H/1 |15
Er't glass 1,55 6- 1072 10.000 4 H/1 | 146
Ruby 694.3 2. 107 1,000 0.06 H 1.76
T AlLOq 660-1180 [3-107" |3 100 H 1.76
Cri~:LiSAF 760-960 4810720 | 67 80 H 1.4
Cr’~:LiICAF 710-840 1.3-107°% [ 170 65 H [14
Cr’ :LISGAF | 740-930 331070 | 88 80 H 1.4
He-Ne 632.8 L-10~" 0.7 0.0015 1 ~1
Ar~ 215 3107 0.07 0.0035 1 ~1
CO, 10,600 3-1071% 2,900,000 0.000060 H ~1
Rhodamin-6CG | 560-640 3-107' 10.0033 5 H 1.33
semiconductors | 450-30,000 | ~ 107 | ~ 0.002 25 H/l1]3-4




Building-Up of Laser Oscillation

From spontaneous emission noise to the saturation power...

1. From vacuum fluctuation, P(0)=Pvac

2. When Pvac<<P<<Psat, g=go

d g—g gP
-4 = - — — =0
dt L E..;
A | /\/\/\
A ?
/9 £ i
p= —tpipip 5 )
S 7 - -t
. \ |
1
and Tp = :
o =T, /2l wdml o
dP dt 2(g,—1)
— =2 —I)— T,
> P I‘i__}'lj ) I‘R
- T Built-up time:
o PI&I_P“};E - _ TR PEG? . .TH -'_‘!E_ir__FTH.
Tn— ]n = llf'l

E =

4. P(t) reaches Psat and then Ps. 2(go —1) Pue 2(go—1) o7g



Building-Up of Laser Oscillation

In the steady-state,

4, = _9-% 9~ )
dt TL Esat
d 1 2g .
P = —P+ P P‘.-'G-E I —
it T T T\ T e °
go Ps
.';"3 — = — ! 4
1+ 2=

»
>

! gy C R
(threshold)

p



Stability of CW laser

The laser reached the steady-state...

What happens if perturbation occurs?

g = g.+ Ag
P = P +AP

dAP F.
= 4222A
di i Tr )
dAg gs 1
dt E,sn-.: T stim J




Stability of CW laser

dAP F.
= J+2—A
dt T 2
ao % AP A
dt B E&nt "_JI'E."".“'!. )
—s 2= | AR,
Laplace transform: . L ( 0 ) —0
 E ‘-'PET _'_.-'1.':':-1-'. — ) ii—?l:l




Stability of CW laser

1 ) "Il—l' |:'|'ﬂ — J-:' T stim
51.__.:,. — —r (1 :l:J,\II.' - 4 — o J.)

What is the meaning?



Stability of CW laser

a

r _ ‘?"—ll il
'5[_.-'? — P ..lil\ — o 0
i I T 'IL'II'I\J -..-'IL

1. The stationary states are always stable: Re{s} <0

2. Relaxation oscillation occurs when r is sufficiently larger than 1.

R e

(typically 7, = T, /2] << 1, =T,)

Relaxation oscillation

S1/2 = — I =) \ T T [ 1

e = 4/
| . —_—
\' latam ! p




Stability of CW laser

1 1 1
S1/2 = —5 + J‘\ — TR \ T otivn T
I 1 gham Famned p

= stz

r {1_Tp7”jz ¥ 1
T, 41, T, Tyiim T

What happens if the pump is really strong?

— > Stimulated lifetime can be as short as cavity decay time

P __—__ P isnolonger much smaller than 1

_, Relaxation oscillation vanishes.



Relaxation oscillation

+ Im{s}

m‘
g

2 l;rp /1, r1 0 Re{s}

Root-locus diagram



Relaxation oscillation

Example: diode-pumped Nd:YAG-Laser

Ao = 1064 nm, o =4-107"cm? Az = 7(100pm x 150um),r = 50

7 = 12ms | =1%, Tr = 10ns

From Eq.(4.4) we obtain:

hir kW
Iso.r = - - ‘%9 27 Psr;t = -‘-rsaf-'_ts."'*: = J-E' ” Ps = gla”

aTr I o
TL [ 1 ;

— — = —9dye T = o ot — | — 7. 2.1 —

Patim — P — --1'_-'-"-"-" g _'l_-"-TE—“"’R \.‘I Tjtg?nT:ﬂ 2-107s . fR - 30 kHZ

500 ns
Quality factor

_ [#z{r— 1  Can be several thousands for solid-state lasers
N with long upper-state lifetime of ms range
(then t, >>1, )



Relaxation oscillation

p
g
8
g
C




RIN (Hz*-1)

RIN measurement

—— system
—— Millenia
Verdi

——High-Q
Spectra
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