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Pulse characteristics
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The total phase is At) = gt + ¢(t), and the instantaneous frequency is dg(t)/dt:
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The lowest-order chirp parameter for a pulse is a= ¢ 72/2.
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Time-varying spectrum
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Chirped Gaussian pulse

A(t) = Agexp|—(1 — ja)t? /72 Complex envelope
J p
I(t) = Iyexp(—2t*/7?) Intensity
[ ” A JI(t)dt = \/m/2T Energy density
b”) --,-Qq-"i-iﬂjl -g 41 -1 ﬁ J!J'lﬁ,vmuw\,'ﬁﬁ;l}l “ -tl.] Af-\_ﬂ -——b— R
Yy H,J . l, Tije = V2T 1/e half width
“r” o Tl 4 TFrWHM — 1.181— FWHM Width
- —
Tl o(t) = at? /T2 Phase
U@Wit-m) J1*‘{u-%‘[l-llflﬁ 1 A 2:2,,2
W | Av) = o exp [ T : ] Fourier transform
‘ T a 2y/7(1 — ja) 1—-ja
W(t-73) = ek 2 2.2 2
, Iy 2727 (v — 1) . .
17 S(v) = ———exp [——— Spectral intensity
Un)W(t-m7a) UWL’ a 47v1 + a? 1+ a?
(1 ;
Avyje = —\/1 + a? 1/e half width
v (THz)
44
N Av = 0.375 —V1+a?= 0 v1+a? FWHM Spectral width
150 TewHM
100 P(v) = —2r27%a/(1 + a?)|v? Spectral phase

vi =y + (a/m7)t

Rc;!m,” [ /\ g
Inf \

Instantaneous frequency
50

1.5 1 075 0.6 A(um)

100 300 '|
[ [ |\ #®D A1)
. ,\J || H \f\_; I "“_I,-"F"_"..— -------------
Short-time FT: | J %
o U)W 2mut)d 1 wf\
() = [ U@W(t =) exp(~j2mtyat. et
’ Ul \ i

10 f(fs) O 100 200 300 400 500 ¢(THz)



Pulse shaping and compression
When the frequency components of U(t) = A(t) exp(j2muyt) are changed by a system,
Vg(b’) = H(V) Vl(l/).
If for a pulse, f= v — v, << v, we use Ay(f) = H.(f)A:1(f), with the transfer function

He(f) = Hvo + f)
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Envelope filter H(f) = -0

An ideal non-disturbing filter introduces constant attenuation and time delay 7z, of each
frequency component: H.(f) = Hyexp (—~j2n f74).

A Gaussian chirp filter phase-shifts each frequency component quadratically:

He(f) = exp (—jbrf?) and he(t) =

\/]% exp(j2/b).



For an arbitrary phase filter with a slowly varying phase ¥, one can use the Taylor series
He(f) ~ |Holexp [~5(Zo + ¥'f + 59" f%)]

where ¥ = 4¥/dv|,,. Hence, the filter is equivalent to an ideal filter followed by a
chirp filter with N
7q="'/2r and b= :
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¢ Gaussian chirp filtering of an unchirped Gaussian pulse:

Aq(t) = Ajpexp(—t?/18), andits FTis A;(f) = (A1g71/2/7) exp(—m212f2)
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Filtered: As(f) = Ao NG exp[—m%(1{ + 7b) f?]
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In general, a chirped Gaussian pulse has As(f) = Ao exp (— 2. )
, 2/7(1 — jag) 1 —ja
— T12 + ]b = Tz, and Agg = Aw

1 —jay V1+ b/ ﬂr T
= 75 =113/ 1+ /7! and ag = b/7]. *‘ﬂw\”& 1 \ﬁwdlf"’*r

. . Chirp filter b
pulse width chirp parameter 5




¢ Gaussian chirp filtering of a chirped Gaussian pulse:

Ai(t) = Aexp[—(1 — ja)t?/r] —  Ay(t) = Ayexp[—(1 - jay)t?/77],
where 'r§ 712

= — + jb.
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The pulse is unchirped and maximally compressed by the filter when a, = 0 so that
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Application: Chirp pulse amplifier
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Chirp filter b > 0 Amplifier ' Chirp filter b < 0

Gérard Mourou and Donna Strickland, 2018 Nobel Prize in Physics



Chirp filters

Angular-dispersion chirp filters: H(v) = exp[—j¥(v)], ¥(v)= -2_7260 cos O(v)

"o 27"_” df
: v fo (du

Q

=df/dv.

O(v)=04v)- 04w ‘f'f*

-

Original

Filtered Original
pulse

pulse pulse

Filtered
pulse

N = - A d dAo v _—
” &, n o n/ (o ” \/A2 = (AO/2)2

Bragg-grating chirp filters: Spatial frequency varies linearly, A=1(z) = A;! +£2.
Each frequency component travels a distance 2z,
and at z, it satisfies A(z) = mA/2 = mc/2v

= z = 2v/mcé)—1/EA,) and
U = (27v/c¢)(22) = (87/mc*E)v? + (4 /céA,) v.
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= >0 for £ >0 (up-chirping)



Pulse compression

Compression of a transform-limited pulse:

Quadratic phase modulator, QPM Chirp filter

Pockels or L i
o Kerr ® =}
Transform- effects Chirped Compressed
limited pulse B transform-limited
pulse oS! T b=b_. =-a7>/(1+a’) pulse
; o T
Pulse width: T T To=T7, [V 14a;
g
Chirp parameter: 0 ay, =7, 0
Spectral width: Av Ava/ 1+a; Ava/ 1+as

If the original pulse is chirped:
e A chirp filter can compress the pulse by unchirping it.

e |[n contrast, a quadratic phase filter cannot change the pulse duration, but it changes
the chirp parameter as

a2=a1—|—CT12.

The filter will be able to unchirp the pulse, but it will also broaden the spectrum.



Optical fiber as a chirp filter

In the presence of dispersion, propagation multiplies each frequency component
with a propagation phase factor exp[-jA(v)z], i.e.,

V(z,v) = exp[-]B(v)z] V(O,v).
For narrowband light, U(z,t) = A(z,t) exp(—jBoz) exp(j2nupt).
= V(z,v) = A(z,v — 1) exp(—7foz)
= A(z, f) = He(f)A(0, f)
He(f) = exp{—j[B(vo + f) — B(v0)]2}.

For slowly varying (v ), the Taylor expansion of ¥(f) = [B(vo + f) — B(v0)]z vields

He(f) = exp[—j(¥'f + 39" f?)] = exp(—j2n7af) exp(—jbr? f?).
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The time delay of the pulse is 7;=2/v, where the group velocity is v = 1/8" = ﬁo
Propagation acts as a chirp filter with
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Adjustable prism chirp filter (through GVD):
. - Angular-dispersion chirp,

\ EU 2 n—N
| b~ — o, Oy, = o,
= Ao 40!

|
|
\=>
‘ _~ ’
|

and a material-dispersion chirp

<

|
|
|
i

A\ | b =28"L = D,L/7 >0.

Transform-limited Gaussian input pulse in an optical fiber (all X, are at z = 0)
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¢ Chirped Gaussian input pulse:

7(z) = 79 \/1 + (2 — Zmin)?/ 28,
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¢ Pulse compression by use of a QPM and a dispersive medium:

A The modulation phase factor exp(j(t?)
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