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At the beginning high loss:
beam feedback is blocked

Pump power generates a
high inversion N(t)

Loss and pump power switched off
Laser starts to oscillate with a very
high small-signal gain

Laser emission switched off
by emptying the inversion

Ultrafast Lasers book, Subsection 8.1.1



Q-switching parameter range

Typical

Pulse duration <ns to many ns ns to tens of ns
Pulse energy ud to many J mJ

Pulse repetition rate Hz to MHz kHz

Peak power kW to GW hundreds of kW

» Note that many of the practical laser system examples discussed
in this chapter are not typical, but rather optimized for the
generation of the shortest possible pulses



Watch out: Different notation!

There is however one main difference in this chapter compared to many other
chapters. All loss and gain coefficients are given for the intensity and not the
amplitude and are therefore a factor of 2 larger!

! t o tal nonsaturable intensity loss coefficient per resonator round-trip (i.e. without
the saturable absorber, but includes output coupler loss and any additional
parasitic loss —also the nonsaturable losses of the saturable absorber

q saturable intensity loss coefficient of the saturable absorber per cavity round-trip

9o unbleached intensity loss coefficient of the saturable absorber per cavity round-
trip (i.e. maximum ¢ at low intensity)

g saturated intensity gain coefficient per resonator round-trip (please note here we

use intensity gain and not amplitude gain)
g, intensity small signal gain coefficient per resonator round-trip (often also simply

called small signal gain). For a homogenous gain material applies in steady-state
(factor 2 for a linear standing-wave resonator):
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Ultrafast Lasers book, Introduction Ch. 8



Intensity

Pulse shape and pulse duration
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AOM Q-switched diode-pumped ss-laser

laser output
crystal A/O Q-switch  coupler

laser T |
focussin acoustic .
optics ) coating: transducer partially
HR - laser A reflective
coatin
HT - diode A 9

Nd:YLF: 700 ps, 1 kHz, P, = 15 kW, P,, =10.5 mW, E, = 10.5 pJ
Nd:YVO,: 600 ps, 1 kHz, P,..x =5 kW, P,, =3 mW, E, =3 uJ

H. Plaessmann et al., Appl. Opt. 32, 6616 (1993)

Ultrafast Lasers book, Subsection 8.1.2



How an acousto-optic modulator works

Sound absorber

» Acoustic carrier frequency:
about 10 MHz — 2 GHz
- _— _ - 1stOrder
nident beam | — i « Wavelength of acoustic wave:
T 0 - Order A = _Csound .
Multilayer bonding e — ——B01tOM electrode faCOUStiC m=t

—— - Diffraction angle determined by — (’
Piezoelectr L io- " 9, 9,
s / ‘ - “iias'®  Braggcondion: ot ="

Top electrode 7562?—{ Siﬂ(@ ) = m—>\ \
Radio-frequency impedance m 2nA
matching

(image source: http://www.elent-a.net)

* When acoustic wave is present: high losses due to diffraction into 1st order
* Switch acoustic wave on and off at desired Q-switched pulse repetition rate (f.p<< ficoustic)

L |
i k., -2A0c = m- 2w
—_— | |
: — k- 2A cos(90° — 6,)) = m -2
; < cos( ) me 2

AX sin(6,,) = oA



Seeded Q-switched laser

|ldeally a Q-switched laser is
a single axial mode laser.

Seeding with a low-power
single mode laser.
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Single mode operation

* Microchip laser
cavity length small: axial mode spacing larger than gain bandwidth

Microchip laser Axial modes

Gain

Freq;uency

L
Av =¢/2L Ut

Mirror Mirror Vm—1

Um

* Unidirectional ring laser

no spatial hole burning: no standing wave
example: MISER or NPRO (nonplanar ring oscillator). Applied magnetic field forces

unidirectional operation (Faraday effect).

Laser crystal

Laser beam




Actively Q-switched microchip laser

partially reflective,
movable mirror

oartially reflective Tunable etalon (i.e. Fabry-Perot)

mirror layer
\\

Active Q-switching by shifting the Fabry-
Perot resonance frequency in and out of
the microchip axial mode.

Input coupler  h

\\ N
Pump beam \ — Laser beam
1

B
Etalon resonance shifted with a movable

mirror.

Microchip N
Piezo ring

Housing

g

Etalon
reflectivity (%)

<

L L

Resonator-mode frequency

J. J. Zayhowski et al., IEEE J. Quantum Electronics 27, 2220 (1991)



Actively Q-switched microchip laser

J. J. Zayhowski et al., Opt. Lett. 20, 716 (1995) Tunable etalon (|e Fabry_Perot)

Active Q-switching by shifting the Fabry-
Perot resonance frequency in and out of

= E)V the microchip axial mode.
T ELECTRODE _ _
s Etalon resonance shifted with an electro-
/777 optical effect.
FIBER PUMP
c AXI ST ;g;.;;;f}f'.;:‘_3;.:;.... g l l I ‘ : I I : I
Nd:YVO4|| LiTaOg OUTPUT p
<
A * =
S
PARTIALLY 5
TRANSMITTING = =~
HR AT LASING WAVELENGTH PARTIALLY §
AR AT PUMP WAVELENGTH  TRANSMITTING TIMEBASE = 50 ps/div

115 ps, 1 kHz
shortest pulses with active Q-switching

Ultrafast Lasers book, Subsection 8.1.4



Theory for active Q-switching

laser
output
dn
pulse S KNn—~n
Q-switch / dt Ve
cavity loss | {\
|
\ | N; dN
| —— =R, —yN — KNn
dt
n(t)
R Pabs
gain p=7
o< N () Vpump
N Nen
________ \
| J Ny
|
t » i
~<—— pumping interval ——— > pulse
l«——output —
' interval

Ultrafast Lasers book, Section 8.2



Theory for active Q-switching: build-up phase

laser

output
pulse
Q-switch
cavity loss Y d
‘ n
N;
‘ = — KNn—en
dt
n(t)
gain dN
x N(t)x B
d — {Lp — fYLN — KNn
| Nin t
________ 1_ -
\ > t
~<— pumping interval —H pulse

output
interval

Build-up phase: loss high and lasing threshold not reached: n(t) ~ 0, R, = const.

It needs = 37, to reach maximum inversion. [ ______ Npaz =1,
dN B N S N(t)
dt ~ Rp f)/LN - Rp TI .g N
N(t) = Ry7p, [1 — exp (—t/71)] g
= Nz [1 — €Xp (_t/TL)] ! | . I L3¢
0 TL 27L

Pump pulse duration
Ultrafast Lasers book, Subsection 8.2.2



Theory for active Q-switching: build-up phase

Build-up phase: loss high and lasing threshold not reached: n(t) ~ 0, R, = const.

It needs =~ 37y, to reach maximum inversion.

dN N A ______ Nrmae = RpTr,_
~ ~R,—vwN=R,— —
dt TL .5 i N(t)

g ~
N(t) = Rprr [1 —exp (—t/7L)] Ha

= Nmaz [1 — €Xp (_t/TL)} ‘_Zi -
o
. | . | .
0 TI, 27—L

Pump pulse duration

1 1
E, =const. <= Ty >R 3T, OF  frep =

1
Example: Nd:YLF, upper state lifetime 480 us, 3 0.7 kHz
L

Ultrafast Lasers book, Subsection 8.2.2



Theory for active Q-switching: leading edge of pulse

laser
output
pulse

Q-switch
cavity loss * (i
| n
N,
1 — = KNn —yen
dt
n(t)
gain Ci]\f
o« N(t)
% —— =R, —7.N — KNn
| Nin Cit
________ r -
‘ : > t
~<——— pumping interval —_— g:ltlsst g
intesval N(t — O) — NZ

1. Approximation: t =0 losses are instantaneously switched off n(t=0)=n;~1

2. Approximation: inversion not reduced during early build-up phase N (¢) = N; ~ const.

d —1 _
d_? ~ K(N; — Ny)n = KN (r — )n = *——=n =N/
Te
NchIYC/K

—1 Te=Tgr/l, go=rl t
n(t) ~ n; exp (rT t) Lo G n; exp [(go — Z)T—R]

Ultrafast Lasers book, Subsection 8.2.3



Intensity

Pulse shape and pulse duration
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Theory for active Q-switching: during pulse duration

laser

output
Nmax pulse

Q-switch
cavity loss
‘ N; dn
| E:KNn—fycn Nip = /K
n(t)
gja\fint\ dN
o — =R, —v.N — KNn
________ \_ ¥ dt
~— pumping interval 4>‘: opl.l;ltlsjt > d
nterva d—Z/ = K(N — Nth)’n
Approximation: spontaneous decay rate can be neglected
dN
d_nNK(N_Nth)n:Nth_N d—z—KnN
dN “KnN N t
Ny, — N —0)=Ni=r N, n(t=0)=n,~ n(®) N® Ny — N
dn o 2t 2 gy NUEOENe= N, nE=0)=m / dn%/ N — N N
N n Ni=rN¢n N

N; N; :
n(t) = N; = N(t) - —In (N ) . with Ny =rNy,  n(t) = nmax for g=1 & N(t) = Nen

Ultrafast Lasers book, Subsection 8.2.4



Theory for active Q-switching: during pulse duration

laser

r—1+Inr/r

tput
Mmax  ouge o
Q-switch .
cavity loss Y
LN
|
n(t)
05
gain
x N(t) =
N Nen nmax /N'l,
________ -
l \lth . .
' > N
~<——— pumping interval ——— > pulse =
[ output 02
interval g .
S
n(t) = Nmax for g =1 & N(t) = Ny, S
S 0.1
o '
r—1—Inr , o
T
0.05
et Eyout ~ E, ~ (N; — N¢)h 1
Ppont = 2 pous % By 2 (Ni — Ny)hw
C

2 5 10
Initial inversion r

Ultrafast Lasers book, Subsection 8.2.4



Theory for active Q-switching: during pulse duration

laser

output
Nmax pulse

Q-switched pulse energy _ (N; — Ng)hv _ Ni— Ny

Q-switch
cavity loss Y 77 =
LN
|
n(t)
gain
o N ()~

N Nen
| NN
‘ > i

~— pumping interval 44 pulse
: output

interval
n(t) = Nmax for g =1 & N(t) = Ny,
r—1—Inr .
Nmax ~ NZ Wlth Nz — TNth
T
7111133(}11/
Pp,out = - Ep,out ~ Ep ~ (Nz = Nf)hl/
(&

100%

Efficiency n(r)

80

60

40

20

stored energy N;hv N;

1

1.2 1.5 2 3 4 5
Initial inversion ratio r

E; out = Ep = n(r)N;hv

Ultrafast Lasers book, Subsection 8.2.4



Theory for active Q-switching: during pulse duration

laser

output
Nmax pulse

Q-switch
cavity loss * Ep70ut U(T)NZ T??(T)
LN Tp ~2 ~ Te = Te
n(t)
gain
o N ()~ 9
| Nip |
| AN
|
+ > t
~——— pumping interval ———> pulse 7F
[ output
interval ﬁ3|59
100% T T T T i
- - 5| E
FIE T
8o 7] P . nmaxhlj o ;
p,out — L; E
. B T Te o g B
= 60 -
) 3
2 L i
Qo
i
40 Ep’out — Ep ~ n(T)NthV i
i ) 1 1 1 1 1 1 1 N
20 1 1 1 1 1 1 3 5 7 9
1 1.2 15 2 3 4 5 e s . .
Initial inversion ratio r

Initial inversion ratio r
Ultrafast Lasers book, Subsection 8.2.4



Theory for active Q-switching: trailing edge of pulse

laser
output
Nmax pulse
Q-sxivitch
cavity loss I

I

| N;

|

n(t)
gain
o N ()~
| Nin
________ -
| Nf
| %
> t

~——— pumping interval —— > pulse
| output
interval
100% T T T T
80~ n P . nmaxhy
p,out —
- — TC
=
S 60 4
>
[&]
C
Q - -
Qo
i
40 = ~ .
20 1 ] ] ] ]
1 1.2 1.5 2 3 4 5

Initial inversion ratio r

Tp

pulse width

n(t) = Nmax €xp(—t/7¢)

Te

cavity lifetime

3

5 7 9

Initial inversion ratio r

Ultrafast Lasers book, Subsection 8.2.5



Effects of a slow Q-switch

2
1 |
0
0
| | | | | |
150 ns — 2 A 250 ns —
7 B loss _ .
gain
N N NN_
loss 7 B A
L~ 1 0 ] | I/\

150 200 ns 50 100 150 200 ns



Passive Q-switching

Saturable absorber integrated into a mirror (saturable reflector)

rY =,
i dl iy . .
i e Condition for Q-switching
i /
' /
i dR T T
- R N
W dI Tstim TL
i/
I, Intensity on saturable absorber Q-switched pulse
Saturable
absorber
Gain

Y

Time
F. X. Kartner, L. R. Brovelli, D. Kopf, M. Kamp, I. Calasso, and U. Keller, Opt. Eng. 34, 2024 (1995)

Ultrafast Lasers book, Section 8.3



Passively Q-switched microchip laser

Collimating R=100% 0 QLY
jens @ 1084 nim @%?éém

THE LA

| &:ng?s«%mgz&dim&mwa

Dicdedaser  Cylindrical o
12 ‘ﬁm i Cr,Nd:YAG

290 ps, 8 uJ ‘
P. Wang et al, Opt. Commun. 114, 439 (1995) 2ns

C 337 ps, 11 pJ, 6 kHz
J. J. Zayhowski et al., Opt. Lett. 19, 1427 (1994)

PUMP

GAIN MEDIUM
SATURABLE
ABSORBER

OUTPUT

N /

MIRRORS



Passively Q-switched microchip laser

Nd:LSB microchip laser
(25% doped)

A-FPSA 10 %
\ Output coupler Output

@ 1062 nm

| Pump laser
—————— : @ 808 nm
Waist radius:
40 uym

— <~—180 ps

Dichroic beamsplitter
HT @ 808 nm
HR @ 1062 nm |

-500 0 500
LT GaAs/InGaAs MQW absorber Time [ps]

Sampling oscilloscope

7}
Copper  Cavity length
heat sink

GaAs/AIAs Dielectric
mirror top mirror R

GaAs Substrate
—>

B. Braun et al., Opt. Lett. 21, 405 (1996)



Intensity [a.u.]

Passively Q-switched ring laser

MISER:

T Evanescent wave Inside MISER . ) . .
Monolithic Nd:YAG coupled nonlinear (Nd:YAG, n =1.82) Inside nonlinear semiconductor mirror
Laser semiconductor mirror | Saturable

Applying a magnetic Air | Absorber or

field causes Modulator

unidirectional lasing section

<~ z —

Mirror section

Airgap:
Outout Coupling through evanescent
. . utput: waves:
SVL\J/T_? Sl_:sefrlire Frustrated total internal
Iaser. PP Without nonlinear mirror ->cw reflection (FTIR)
@ 809 nm output, single mode due to 400 —————————7——1——7—— 1200
unidirectional ring laser . °
T T T T Repetition Rate -7 -
N 7 With nonlinear mirror-> single mode @ 411000 &
Q-switched § 300 g
i 1 5 S
95
" 5 s00 B
- . 2 200} ,° =
a & §
Pulse Width N,
-0.4 -3.2 o{o 012 0.4 0.6 dse —600
Time [ps]
100 L ] - - PR TR I T N
03 04 05 06 07 08 09 1.0
B. Braun et al., Opt. Lett. 20, 1020 (1995)

Distance z [um]



Passively Q-switched Microchip Laser

pd-pulses with = 10 kHz repetition rates = =~ 10 mW average powers

G. J. Spuhler, R. Paschotta, R. Fluck, B. Braun, M. Moser, G. Zhang, E. Gini, and U. Keller,
"Experimentally confirmed design guidelines for passively Q-switched microchip lasers
using semiconductor saturable absorbers,"

J. Opt. Soc. Am. B 16, 376-388 (1999)



Passively Q-switched Microchip Laser

Microchip crystal

SESAM

Output coupler

Flat/flat resonator
Laser output

A Cavity stabilization by
| » Thermal lensing

/ —~ I~
Cavity
Copper length
heat sink

Diode pump laser « Thermal expansion
\ « Gain guiding

Dichroic beamsplitter
HT @ pump wavelength
HR @ laser wavelength

» Compact and simple all-solid-state laser
* Short cavity = Single longitudinal mode

Short Q-switched pulses

» High pulse energies possible
* Good beam quality



SEmiconductor Saturable Absorber Mirror (SESAM)

1.00
absorber: InGaAs/GaAs quantum wells I
! 2 0.96F
>
substrate ~ Bragg mirror top reflector| . incoming b [ AR = 10.3%
GaAs  AlAs/GaAs nro2/sio2 |(__, hignt e 092 //
o I
0.88
4 43 e e
- 10 Fsat 100 1000
3 3 3 g Fluence on absorber (uJ/cm?)
g 2 2 2 SESAM #1: AR = 10.3%
£ 1 g Fo. =36 nJ/cm?
0 ' 0~
0 5 10 15 1.00

2 (um) 0.98 d
0.94 AR = 7.3%
0.92 ;mf/ Y

0.90

Reflectivity

2 4 2 4
10 Fsat1 00 1000
Fluence on absorber (uJ/cm?)

"o Ti00 200 SESAM #2: AR = 7.3%
Time delay pump-probe (ps) Fi =47 nJ/ecm?

Pump probe signal




Model

Cavity setup Assumptions
longitudinal Cross- . : :
section section No spatial hole burning
L, mode area A « No beam divergence in cavity

« Small changes per round-trip
of gain, loss, and power
hVL

Fsat,A < Fsat,L - 5 _
20‘L

SOUJB;Jetr « SESAM always Fgup << Featy
Tout ° . . .
ilE%S,;M Gain Parasitic Cr.YAG/Nd.YAIES Syftgms.
) sat,A materlal Iosses Lp sat,A~ sat,L
9 Fsa
Th el Total losses *TA > Tp

Loy = Tous + Lp
Nout = Lout/(Lout + Lp)

Ultrafast Lasers book, Section 8.4



Theory for passive Q-switching

«~—p pt=p =P n:hﬂTR Tn=2bje, _ QhLP
- pt
. NL V=ALL, NL NA
g q Tout 9= Loy o0 At T
E E >
TL, L TA, A I P ar,
th—KLn:—aL: or, =
A A hv Aphv ArTr
dn 1 dP(t
- (KLNL _K4Na— _> n T 2 oy — i) — g1 P@)
t c dT
dNp, Ny, dg(t) g(t) —go g(t)P(t)
—— =——"=—K;nN R — L = — —
dt TL LVL + Hp dt TL Er
dN Nis— N — tYP(t
A_ _NazNao po ) dg(t) _ q(t) —q0 q(t)P()
dt TA dt TA Ea

Neglect spontaneous emission into laser mode

Ultrafast Lasers book, Section 8.4



from numerical simulations

Q-switched pulse

Phase 1 : Phase 2 ! Phase 3 ! Phase 4
Gaing(t) | Intracavit
! power P(t
/RN £ 0 S S H—
+ "y tng, i A g
l b —

|- AR

! |
-600 -400 -200

® ol Lo 20 TN

Tim

| !
200 400 600

released energy:
E, saturation energy of the laser

Ereleased — ELAg

[ : total nonsaturable loss
l, . parasitic loss

q, - saturable loss
q, = AR

from rate equations:

(Ps)
stored energy:

Estored — ELg

optimum pulse
energy if (if , # 0):

Tout -+ Lp ~ AR

gain reduction:
(for L, = AR):

Ag ~ 2AR



Q-switched pu

Phase 1:

« absorber unbleached

» power grows when gain reaches loss
E, << E, = absorber is saturated before
power grows significantly

Phase 2:

 absorber fully bleached
» power grows quickly until gain is depleted to
the loss level

Phase 3:

» power decays
 energy is still extracted, and gain decays
further

Phase 4:

» absorber recovers more quickly than gain
» next Phase 1 starts when gain reaches the
unsaturated losses

Phase 1 : Phase 2 : Phase 3 : Phase 4
. . i i
Gain g(t) | '\ Intracavity |
¢ ! ' \power P(f) !
N SO S S 1 ) :
A ab, Y T
l VAR |
Loss q(t) + Lot A S Ly
I-AR : : R
! I |
I i i
g ; ;
I i i
| L | i ! L |
-600  -400 -200 0 200 400 600
Time (ps)
100 L Unsaturated loss [+ AR ~ 4 20
< 80
E 415
& 60l
s 60 _
<3 Gain g(t) Gain g(t) ¥ + 10
S 40+ r=23 E r=2
S_’ H
ool [« Power P(t) i< No pulse for 19
i r=2
0 1 i | | 1 0
0 10 20 30 40

Time (us)

(%) ssoT ‘uren



Model

hl/L
Pulse energy*: E, & - — AARNout

= Ep/A independent of pump power

3.021R
AR

Pulse duration™: Tp ~

= independent of pump power

go — (Ltot + AR)
QARTL

Repetition rate®: Jrep =
pumping harder = more pulses of same width, shape and fluence
three-level lasers: replace o, by o; + 6,2

#Spuhler et al., JOSA B 16, 376-388 (1999)
"Zayhowski et al. IEEE J. Quantum Electron. 27, 2220-2225 (1991)

Ultrafast Lasers book, Section 8.4



Design guidelines: Short pulses

- short cavity (7%) 3.921'p
- large modulation depth AR Tp ~ AR

* large gain cross-section o
= Nd:YVO,: small absorption length, high gain

Spuhler et al., JOSA B 16, 376-388 (1999)

45 GHz sampling oscilloscope trace
1.5

shortest Q-switched pulses
from a solid state laser

g 1.0

= 185 um Nd:YVO,

5 05 Poump = 460 mW E,=53nJ
* frop = 160 kHz AR = 13%

so far 7, limited by available AR and
available crystal thickness, not by gain




