Dispersion and Ultrashort Pulses

Angular dispersion and group-velocity dispersion

Phase and group velocities

Group-delay dispersion

Pulse propagation

The need for negative GDD




Reminder: what is dispersion
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When two functions of different
frequency interfere, the result is

Suppose that o, and o, are large,

‘¢, () =Re{E,exp(iwt)+ L, explicw,f)} and not too different from each
other (e.g., two different visible
frequencies)

ave

W, — w, Dy :a)ave_l_Aa)

W) = Wy —Aw

Let: and Aw =

= <, (t)=Re{E,expi(w, t+Awt)+E,expi(w, t —Awt)}

ave

= Re{E, exp(io, t)[exp(iAwt) + exp(—iAwt)]}

ave

=Re{2FE, exp(iw, t)cos(Awt)}

ave

= ¢, (1) =2E,cos(w,, t)cos(Awt)

ave

Adding oscillations of two different frequencies yields the product of
a rapidly varying cosine (w,,.) and a slowly varying cosine (Aw).
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When two of different frequency
interfere, they also produce beats.

Same assumption about
@, (z,t) =Re{ + } o, and w,, and similarly
for k;, and £,

Let % and Ak=——2
2 2
Similiarly, = and Ao=——
So:
‘¢, (z,t)=Re{E,expi( z+Akz— t-Awt)+Eexpi( z—-ANz— t+Awt)}
=Re{E, [exp i(Akz — Aat) + exp[—i(Akz — Aa)t)]]}
=Re{2E, cos(Akz —Aar)}

=2F, cos(Akz — Aar)
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Group Velocity and phase velocity

Light-wave beats (continued):

%}ot(z’ t) = 2EVO Cos(kavez_a)avet)
carrier wave

This is a rapidly oscillating wave: [cos(k, z—®, 1] =

/
with a slowly varying amplitude:

The comes from the rapidly varying part:

What about the other velocity—the velocity of the pulse amplitude?

Define the group velocity:

Taking the continuous limit,
we define the group velocity as: vV, = dow /dk







phase vel. > group vel.

phase vel. < group vel.




Calculating the group velocity
v, = do/dk
Now, w is the same in or out of the medium, but £ = k,n, where £, is

the k-vector in vacuum, and » depends on the medium.
So it's easier to think of @ as the independent variable:

v, =[dk/do] |

Using k = wn(w)/c,, calculate: dk/dw=(n + wdn/dw)/ c,

vV, = ¢o/ (n+ @wdnldw)= (cy/n)/ (1 + @/ndnldo)

Finally: W
Vg=V¢/ 1+;%

So the group velocity equals the phase velocity only when dn/dw = 0,
such as in vacuum. But for most materials, » usually varies with w.



Usually group velocity < phase velocity.

Refractive index, n

Infrared

dn/dw i1s positive

Regions of "Anomalous Dispersion": dn/dw < 0

Normal  Normal - Normal
dispersion / | dispersion | dispersion

Visible Ultraviolet X-ray




Calculating group velocity vs. wavelength




Recall that the effect of a linear passive - .
optical device (i.e., windows, filters, etc.) on E, (®) E (o)
a pulse is to multiply the frequency-domain H(o) |=—>

field by a transfer function:

Eout(a)) — H(a)) Em(a))

Optical device
or medium

where H(w) is the transfer function fog ; m?terial Wf:fh. t
of the device/medium: / absorption coefficient a(o)
H(w) = exp[—a(w)L /2] exp[—i@, ()]

Since we also write E(w) = VS(®) exp[-ig{w)], the spectral phase of the
output light will be:

We simply add
spectral phases.

¢ouz(w) — §0H(a))+¢in(0))

Note that we CANNOT add the temporal phases!
¢0ut (t) e ¢]—I (t) + ¢m (t)



The Group-Velocity Dispersion (GVD)

where k, = —

The phase due to a medium is: @ ()= n(w) ky L = k(w) L %

To account for dispersion, expand the phase in a Taylor series:

o)L = k(o)L + K(o)|[o-a,|L + Lk"(@)[o—-o,] L+..

/wo \ 1 \d_l_

k(a)()) — V¢(a)0) k (a)o) — Vg((()o) k”(a)) = ol v

The first few terms are all related to important quantities.

The third one in particular: the variation in group velocity with frequency

" . d 1 : . . .
k'(w) = y is the group velocity dispersion.
|V




GVD means that the group velocity will be different for different
wavelengths in the pulse.

Because ultrashort pulses have such large bandwidths, GVD is a
bigger issue here than it is for cw light.



Calculation of the GVD (in terms of wavelength)

A d’n
2re; dA,

GVD = k'(w,) =




GVD in optical fibers
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group delay dispersion (GDD)




Dispersion parameters for various materials

material n()

BK7 1,5308]
1,5214]
1,5163]
1,5108]
1,5075]
1,5049|

1,778
1,743
1,7267
17112
1,7038]
1,609

Sapphire 1,7866}
1,7743)
1,7676|
1,7602]
1,7557
1,7522

1,4878
1,4701
1,4623]
1,4580}
1,453
1,4504]
1,4481]




Manipulating the phase of light

spectral-phase terms




Dispersive pulse
broadening
IS unavoidable.

If @, is the pulse 2"-order spectral phase on entering a medium, and
k"L is the 2nd-order spectral phase of the medium, then the resulting
pulse 2"%-order phase will be the sum: ¢, + kL.

,B /2 (This result

: : . nd_ . L= pulls out the
A linearly chirped input pulse has 2"°-order phase: .. &'+ B hinthe
Taylor
. . : _ Series.)
Emerging from a medium, its 2"d-order phase will be:
This result, with
- ,B/2 - ,B/2 203 dzn the spectrum,
¢2,0ut 2 2 +GDD = 2 2 T 2 2 L can be inverse
o +/B o + IB 272-00 dﬂ’o Fourier-

transformed to
yield the pulse.

Let’s do that!

Since GDD is generally positive (for transparent materials
in the visible and near-IR), a positively chirped pulse will
broaden further; a negatively chirped pulse will shorten.
















































So how can we generate negative GDD?

Negative GDD
Device




