Introduction to lasers

Raul Montero
raul.montero@ehu.eus

SGIKER Laser Facility (EHU)
TCT-School 2025




References

e C. Rulliere. Femtosecond laser pulses: Principles and experiments, Springer. New
York, 2005.

e J.C. Diels, W. Rudolph. Ultrafast laser pulse phenomena, Academic Press. San
Diego, 2006.




Outline

1. Introduction to short laser pulse generation
2. Pulse propagation issues

3. Laser-matter interaction



1. Introduction to short pulse generation
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Ref.0 J. Alda. Encyclopedia of Optical Engineering (2003)
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2. Longitudinal modes
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Why ultrashort pulses are interesting?

At <1 ps (10125s); 1fs=101s

N

t Time I

Light travels 300 nm in 1 fs!

Light electric field

30 fs, 3.6 mJ: P, =0,12 TW (120 GW)

=101 W/cm?




Ultrashort pulse generation

e Fourier Transforms (E/t):



Ultrashort pulse generation

eThere is a relation between the pulse duration and the spectral
bandwidth of a laser:

Irradiance vs. time Speitrum
>

time frequency

Short pulse !! _A
>
time frequency
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Ultrashort pulse generation

e Temporal field: e Spectral field:

o —t2 1 (® . E -_7"2 2
e(t)=—e '272 E(w) = —f g(t) e'“tdt = =0t

T 2w )_, 2

t wo
, V2In2
Field: At’FWHM = 2T V 21n2 AU)/ZT[ = Av FWHM = ?
vV In2
Intensity: Atpwpyy =27V In2 Aw/2T = AVpypm = —

Time-bandwidth product

At-Av =0.44
(Fourier Transform Limit) W



Ultrashort pulse generation

F(t) At-Av
Gaussian 0.44
Lorentzian 0.18
Sech? 0.31
Rectangular 0.80

The gain curve of the active medium of a laser will limit the pulse duration.
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Ultrashort pulse generation
e Typical active media

e Solid state lasers e Dye lasers.

Drye Tuning Curves
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e Erbium and Yterbium doped optical fibers

e Pulsed diode lasers (10’s-
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Ultrashort pulse generation

At-Av >0.44

But, to have a large bandwidth is not enough to get ultrashort pulses ...



Ultrashort pulse generation
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Ultrashort pulse generation

Time Domain: E(t)cos(w),t):

Spectral Domain: Fourier Transform of E(t)cos(w,t):

F {E(t)cos(w,,t)} = j E(t)cos(w,,t) exp(—iwt) dt
= % j E(t) [exp(iom,, 1) + exp(—iw,, )| exp(—iwt) dt

:%J- E(t)exp(—i[w—w,, 1t) dt+%j E(t)exp(—ilo+w,, |t) dt

N 1 h 1
F{E(t)cos(w,,t)} = Ee(a)o — wy) + 55(0)0 + wy)

: : 5 F{e(t) cos(o,,b)}
Modulation introduces side- Fe()

bands. _ “ _ /\ /L
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Intensity

e Active ML.

AWA

Cavity round trips

Ultrashort pulse generation

e Mode locking (ML) methods

Passive ML.
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Ultrashort pulse generation

Typical performance of an ultrashort pulse oscillator

* Rep rate: 1-80 MHz

* Pulse energy: 0.1 nJ -10n)

* Pulse duration: 5 fs - ps

 Wavelength: 800 nm (Ti:Sap); 1035 nm (Ytterbium doped fiber);
1050 nm (Yttebiym doped solid state); 1550 nm (Er doped fiber).

PM-ESF 7/125 PM-1550 XP PEC 000

FBG @ @ 90:10 MSESAM 70%
reference

300 mW PFC trigger
Fiber PISO 70:30 30%

output

300 mW
PISO

Ref.1 Aimagro-Ruiz et al. Applied Optics. 61, No. 32, p9386

(2022) W



2. Pulse propagation issues

ke
0
[
Q
—
[}
)
ke
)
ot
i
O
-




Pulse propagation

E(t) = Re{JI(1) explilo,t—¢(O]} |

2 Ty
= e n—n‘ﬂ'ﬁn'ﬂ’ N Ainn AL
g TRy [paimess
3 il
(a)
I—SOI—15I0l15I30l
Time [fs]

cWhich is the effect of ®(1)?



Pulse propagation

Instantaneous frequency: a)(t) = 62 =,




Pulse propagation

 Non linear phase (quadratic term).

E(t)z E e—l“tze—i(a)otmtz)

0

oo

Instantaneous frequency :  (t)= PR 20 -t

(Chirped pulse)

At-Av>0.44

Light electric field




Pulse propagation

e When a pulse propagates in a medium its phase is modified

(@) = \S(o) expi-i @)}

E (a)) =F (a)) g k(@)
h |..-} out in
l -> ‘A l'l"' x = material width

k(w) =n(w)w/ c




Pulse propagation

e Constant spectral phase .

k(o) :-+ Ko-o,)

+%k"-(a)—a)0)2 +...

Linear term in the spectral phase

Quadratic term in the spectral phase
(GVD)

FT

FT

)
)

Pulse delay. Temporal phase
still constant. (FTL)

-Non linear temporal phase.
- chirp (linear)
- Longer pulse

Light electric field




Pulse propagation

How to calculate the GDD introduced by a transparent material of

thickness L.

2 3 2
A (0
n(A)— 9N, Grp- " |>GDD=L-GVD
2 2\ OA
Material A n{‘” dn/da d*nfda’ d*n/da? GVD TOD

(Um=)

(pm)

(fs¥/mm)

S5F10 400 1.778 -0.5434 5.946 -97.73 672.9 5105
450 1.757 -0.3346 2.899 -36.74 467.1 301.6
500 1.743 -0.2253 1.632 -17.08 360.8 2135
550 1.734 -0.1610 1.006 -9.046 295.9 168.1
600 1.727 -0.120 2 0.6595 -5.237 251.9 141.5
650 1.721 -0.09280 0.4527 -3.235 219.8 124.7
700 1.717 -0.07367 0.3218 -2.100 195.2 113.6
750 1.714 -0.05989 0.2352 -1.418 175.5 106.1
800 1.711 -0.04970 0.1759 -0.9885 159.2 1011
850 1.709 -0.04201 0.1339 -0.7081 145.5 97.97
BKY 400 1.529 -0.1303 1.082 -12.30 122.4 40.20
450 1.524 -0.08858 0.6334 -6.262 102.9 34.72
500 1.520 -0.06312 0.4029 -3.485 89.07 31.31
550 1.517 -0.04665 0.2676 -2.074 78.74 29.02
600 1.515 -0.03549 0.1851 -1.301 70.69 27.39
650 1.514 -0.02765 0.1322 -0.8510 64.22 26.19
700 1.513 -0.02197 0.09709 | -0.5764 58.89 25.28
750 1.512 -0.01776 0.07294 | -0.4021 54.42 24.57
800 1.511 -0.01456 0.05589 | -0.2877 50.60 24.01
850 1.510 -0.01209 0.04356 | -0.2103 47.31 23.55

See Diels-Rudolph book

eman ta zabal zazu
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Pulse propagation

e How to calculate the width (duration) of a pulse after the propagation a
distance L in a transparent material.

JA?* +16(1n2)>GDD?
out At Ref.2. Walmsley et al. Rev. Sci. Instrum. 72, 1-29 (2001)

At

Pulse width of a A=1550nm pulse after 0.3 mm Si.

(GDD=350f52) E200_1!!![!![!]11!1[1!!!_
d|
3.500 E;
3.490 Refractivelndex.|NFO e -
3.480 b Si (Crystalline silicon) | 150 - —
' \ Handbook of Optics (n; 1.36-11pum) -
3.470
3.460 |\
3.450 N 100 i 5
3.440 " I A
3.430
3.420 T ians 1 -
3.410 50 B v A =1550nm N
2 3 4 5 6 7 8 9 10 11 i " 300}1"\ silicon i
Wavelength, pm - ,//
//
L 7
0 / L 1 1 1 I L 1 1 1 I 1 1 1 L I 1 1 1 1
0 50 1 00 1 50 200 eman ta zabal zazu

v, [fs] v



Pulse propagation

* How to determine the amount of dispersion in a pulse (GDD) as a
function of experimental observables.

Cg
gaussiana 0.44
2 4
1 WAV C Lorentziana 0.18
GDD — B out . B
4(111 2) Av AV Sech. 0.315
Rectangular 0.8




Pulse propagation

*We know how to predict the GDD that an optical element will introduce.
*We know to calculate the width (duration) of a pulse after the propagation
a distance L in a transparent material with certain GDD.

*We know how to determine experimentally the amount of dispersionin a
pulse (GDD).

But

How can we manipulate the phase of a pulse?

_ ol ‘&W\A” \ \

v ! Simple-Chirped Mirror ( —lme_y, )
stretched pulse : =
h ] —Em / N‘:\* substrate i >f5d <
/ l_ V"‘ i >b|ue A,ﬂy »

Compressed pulses x
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4. Laser mater-interaction




Non-linear optics

When a light wave propagates through a optical medium (dielectric) the field generates a
polarizing force on the electrons.

P:gOXE n=.14+y n=mngy+iK

Complex refrective index in a plane wave

E(zt) = Re[EOei(“’t_Ez)]
- Re[Eoei(a)t—ZE(nOHK)z/lo)]

— e —2mKz /A, Re [Eoei(wt-ZTc(nOH;c)z/Ao)]

Exponential decay of the amplitude with z: Lambert-Beer law

For very high intensities, P is “non linear”

P=ecy"E+ y*E-E+ yE-E-E..




Non-linear optics

P =¢eoxyWE + ¥y EE 4+ y®EEE ...

- Second order Susceptibility y?

Consider this bichromatic wave: E = E;cos(w; t-k;z) + E,cos(w,t-k,2)

P(2) = on(z) E2(z=0)
= €9 x(?) [Elzcoszwlt + Ey2cos?w, + 2E, E,cosw t-cosw, t]

]
= g x(?) {§(E12+E22) + -12-512c052w1t

1
+ §E22c032w2t +E; ' E, [cos(w1+w2)t + cos(wl—wz)t] }

eDC components.
*AC components at 2w, 2w,, W,+W,, wW,-W, (weigthed by y(?))



Non-linear optics

. @f].. s SEaEee S e
20) Wo (2) —_— A
— X /0
— W
w
(SHG) o - K
2&)0 = W 6
2ko = kq Y
0, +t0, @
(SFG) - X — W2
w - 1 m=e==- ;&""
W3
Wy + W2 = Ws V1
kl + kg = k3 Y
(b)
00, o pen IR
—_— —_— i
(DFG/OPA) _— X —— l' 2
w9 Wy | remmmmmeee-
Wi
W1 — Wy = Wsg W3
ky — ko = ks
(Ref.3. G. H. Wagniere, S. Wozniak. Nonlinear optical properties. Encyclopedia of Spectroscopy and Spectrometry, Third v

Edition. (p375))



Non-linear optics

« Non centrosymmetric and birefringent with large x2.
» Crystal cut and orientation must satisfy phase matching condition.
» Transparent for the wavelengths involved.

Material  Transparency Spectral range Damage Relative Reference
range [nm] of phase matching threshold doubling
of type 1 or II [GW/cm?] efficiency
KDP 200+ 1500 517+1500 (I) 0.2 1.0 5.223
732+1500 (1)
Urea 210+1400 473+1400 (I) 1.5 6.1 5.230
BBO 197+3500 410+3500 (1) 5.0 26.0 5.211+213
750+ 1500 (1)
LiOg 300+5500 570+5500 (1) 0.6 50.0 5.231,217
KTP 350+4500 1000+=2500 (II) 1.0 215.0 5.229
LiNbO, 400+ 5000 800+ 5000 (11) 0.05 105.0 5.223
CdGeAs, 0.7+12pm 0.04 9 5.234
Te 3.8+32um 0.045 270 5.223

eman ta zabal zazu

Non linear optics tutorial at Thorlabs webpage: https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=15444 W



Non-linear optics

- Third order Susceptibility (3

Parametric (non-resonant) interactions Non linear refractive index

""'11-":!1-"';"' 3@

FWM

[ty =dlim iy
1 2 3

Py OE n=,1+y n=ny+IK

P=gc,yVE + yO®FEFE ..
o 2 (r) n=ny+ n,l

— (D (3) _
X=Xty kE () a=ay,+ P51

(Ref.4. Del Coso et al. J. Opt. Soc. Am. B/Vol. 21, No. 3/March 2004)

n =ng + n,l L

* |=I(r); Self-focusing

« I=I(t); SPM

E(t)= I(t)ei(wt—kz)z I(t)ei(wt—k(t)z)

C(=CZO+,82]

TPA dn(r,z,t) P

— 12 r' Z’ t eman ta zabal zazu
dt 2hw ( )




dn(r,z,t) B2 , o —2r? 2 2
= if = 0 w(z)=w, |1+
dt Zha)l ) (r,2) 7-w(z)? y w(z)’ (2) i
=y - i
o = ;”""'/Fv(z)
V2 WOI w,l & s _ 2. f
I e £ ’ 7D
_ Zy i

//’- \\\

NTPA(Z)zZ'fH/IZ-ﬁ-Iz(r,Z)-r-dr
0

(Ref.5. Wiehe et al.. [EEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 68, NO. 2, 2021

Brad Amos, MRC, Cambridge.
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Thanks!



5. Pulse diagnosis
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To resolve in time a physical event
we nheed a faster one

Ultrashort pulses are the shortest technological events...

How do we measure them?



Intensity autocorrelation

To measure the non collinear SHG and at different time delays between the two
pulse replicas.

Pulse to be
measured

Beam

splitter
SHG
crystal ;
Detector
) 2L
........................... >
<> Esig(t't)
Variable -
delay, 7 The Intensity A(2) (2’) — J' ](t)](t—r) dt
Autocorrelation:

eman ta zab

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)



Intensity autocorrelation

To measure the non collinear SHG and at different time delays between the two
pulse replicas.

Pulse to be
measured

Beam
splitter

A

Non linear detector:
Signal = B, I*(r,z, t)

—
-
Variable
I ' f
delay, 7 The Intensity A(z) (z') = j ](f)](f _T) dt
Autocorrelation:

eman ta zab

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)



Some examples of lasers for TPA in Silicon

Type Peak power Pulse duration Robustness
Ti:Sapp + OPA %* % % %* % % %*
(UPV/EHU)
Er doped fiber * * % % %

(TPA setup at Geneva
& Santander)

Yb doped fiber +OPA % % * % %* %%

https://www.thorlabs.com/newgrouppa
ge9.cfm?objectgroup id=13308

Yb doped solid * %% * %% **
state+OPCPA

https://lightcon.com/product/orpheus-
opcpa/#drawings

Compact

*

**k*

**x*

*%*



Interferometric autocorrelation

In collinear configuration ...

Input
Michelson < uris e SHG Developed by
Interferometer vP Lens crystal Filter Slow J-C Diels
| E |, AA detector
Mirror I—>—</v \b- = \
Beam-  [p E()+E(t-1)]
siter L7 E@+E@-r  FOTECD]
= Delay 0 2
Mirror IA®(r) = I ‘[E(t)JrE(l‘—T)]z‘ dt

AP () = j | B0+ B =)+ 2B EG-7) || dt

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)



Frequency resolved optical gating (FROG)

I.-" pry \\I Second-harmonic- h\\\H
|| .:’f ; " .I generation cirystm Camera / 1;
|II {.«; | _/\.+ .' E(t-1) L3 E[f Spectrometer | FROG
1 .\,x" |
|I -------- ] [|Il IIJlll
I\K Variable E(t) /Crystal must

w@- /< I:re very thin ¥ :

P me
- .-"". i
| ’/_,.f
~
; -
\ N\, fs
A -
— .__'__.'.-# z ]
Input _ V| — g Grenouille
pulse v '--‘____* D,.l
: A "y Camera
Thick
Cylindrical Ry SHG Cylindrical
lens biprism crystal lenses

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)



