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Measurement of laser noise

Electric current Light intensity

J(t) @‘ I(t)

Photo detector

| Microwave :
. spectrum analyzer = :

The microwave spectrum analyzer measures the
power spectral density

Sr(w) o i = F{corr (I(t),I(t))} = F{R(7)}

~

I(w)

autocorrelation function: R(—T) = R(T)

R(—7) = / I(0)I(t — 7)dt = corr (I(t), I(t)) <L T (w)T*(w)
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Important: mind the orders of magnitude

I(w) = F{I(t)} o F{|E(t)["}

Intensity

slowly varying

£ EW)? = [F{E(1)}]?

fast oscillating

Electric field
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= I(w)I*(w) = F {corr(I(t),I(t))}

T

Wiener-Khinchin theorem

This is the autocorrelation function for the entire pulse train, not just a single pulse (in contrast to
the intensity autocorrelation technique). l.e., time variable spans from —infinity to +infinity.



Measurement of laser noise

Electric current Light intensity

J(t) @‘ I(t)

Photo detector

| Microwave :
. spectrum analyzer = :

Modelocked laser without any noise

Pulses like delta-functions

I(t) = IyT f S(t—nT) — I(w)=F{It)}=2rl, Jff d(w — nwr)

n=——oo n=—oo

For more details see: U. Keller et al., IEEE J. Quantum.Electron., 25, 280 (1989)
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Measurement of laser noise

Electric current Light intensity

. Microwave .
. spectrum analyzer = :

We measure the
power spectral density
|2

Sy (w) o )i(w)
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Sr(w) = 4n°I? Z O(w — mwr)
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Frequency

modelocked laser without any noise and any
bandwidth limitations of microwave spectrum
analyzer
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Measurement of laser noise

Electric current Light intensity

J(t) @‘ I(t)

Photo detector

Microwave

. . glnSj(w)
. spectrum analyzer = 8
__________________________________ g
+00 g

I(t) = — 5 g
(t)=1T »  5(t—nT) il | N Ly
n=-—0o0 Frequency
—+ o0
I(t) = LT (1+(N (@) > (5(t—nT—)
n——oo
normalized intensity noise timing jitter

For more details see: U. Keller et al., IEEE J. Quantum.Electron., 25, 280 (1989)
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Intensity noise and timing jitter

I,T - N(t)

AI(t)



Spectral power density

Intensity noise of mode-locked lasers
+0o0

Sr(w) =4nI Y~ {(5 (w — nwr) + [N (w— an)]Q}
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Spectral power density (dBc)

Units: dB, dBm, dBc
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Filter function

Intensity noise

P
dB = 10]log —
og 2

P
dBm = 10log ————
H 06 1mW

mW dBm
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Spectral power density (dBc)

Units: dB, dBm, dBc
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Filter function

Intensity noise
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P
dB = 10]log —
og 2

P
dBm = 10log ————
H 06 1mW

mW dBm
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Frequency (MHz)

dBc
“how many dB below the carrier”

carrier is the peak of the harmonic
signal

0.1 mW -10 dBm

1T mW 0 dBm
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X 2 + 3 dBm

20 mW 13 dBm




Spectral power density (dBc)

Power In noise sidebands
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rms intensity noise
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Ultrafast pump-probe techniques
Differential transmission spectroscopy

i Device
‘Probe ! under test

Photo
detector (PD)

Beam

Laser E
splitter S

Jppl. Noise of probe

signal = [T(At, Inump) — T (Lpump = 0)] Iprobe
T T Signal

Transmission of device under test with >
pump on pump off we w

Ultrafast measurements need some kind of nonlinearities in the
measurement system (i.e. intensity dependent transmission)



Example: signal-to-noise 10°:1
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Note: Microwave spectrum analyzer measures power of

photocurrent! IS
201og = = 201log 107% = —120dBc

Need a chop frequency of > 100 kHz



Timing jitter

I(t) = I,T f 5 (t —nT — AT(t))

n=—aoo

|

“+00
Inr(w) = F{Iar(t)} = Iy Y inwpAT(w — nwr)

n=—oo

Star (W) = Iar(w) - Iirp(w) = [§(~

l

(+2) Z n? [ w—an)]2

n=—oo

400

Sr(w) = 47’15 )~

n=—oo

{5(w ~ nwr) +

1

472

2w [Af(w _ an)} 2}
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Timing jitter of mode-locked laser

2
Sr(w) = 4n*1? H_E_:oo { W — nwr) 1 — n’wi [AT( — an)] }

normalized power density \
(two-sided around harmonics) noise sidebands
)’ _ _sb __ L _ _sb
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dBc in 1 kHz bandwidth

Timing jitter of mode-locked laser
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noise sidebands

Py 1
sb __ 2Ln(f)

Ll(f) — Pc(l) —
Measurement takes place at the n-th
harmonic

Timing jitter sidebands stronger than
intensity noise sidebands

Double check: < n2

small noise approximation
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Intensity noise and timing jitter

. Intensity noise Timing jitter noise
.‘z) A S (w) sidebands sidebands
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Frequency

I(t) = I,T (1 + N(t)) f 5(t—nT — AT(t))

212 N Y ? L o o [ 2
Sr(w) = 4n“I; Z {5(w—an)—|— {N(w—an)] —|—mn Wt [AT(w—an)} }
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rms timing jitter

2 72 L5 - 2
Sr(w) = 4r~1; Z d(w — nwr) + 12 wr [AT(C:J\— an)]
2 1Si(w) PO noise sidebands
® o 7 (n)
2 x (nwr) e . 1 . 1 Psb
§_ Lo \(ps(g) Ll(f) — ﬁLn(f) — ﬁp(n)
{© ¢
é """"""""""""""""" > (WJ
< 0 wr 2w 3wr dwr
Frequency

oar [f1, f2] = V(AT(¢

\// Y df_szT\//
\

factor of 2

because L4(f) is “two-sided” normalized power density

(two-sided around harmonics)
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rms and FWHM timing jitter in ps?

rms timing jitter:

1 f2
AT(t 2 L
oar lfis f2) = V1 WT\/ / me\/ /
. *g A Sr(w) P@
Li(f) P () ° A
Pc(l) % oc (nwr)?
PO () : - \<ng>
sb % _____ ]
Ln(f) P(n) (%’_ ————————————— j\ >w
c 0 wr 2wT 3wT 4wT
Frequency
L 1 —t2 t\”
FWHM timing jitter: AT(@t) = exp ( ) = exp (—4ln2 (—) )
2
(Gaussian noise statistics) V2ToAT 207 TAT

TAT = V8In20aT = 2.355 - oAT

Example:
oar [130Hz,20kHz| ~ oa7 [130Hz,00] = 9ps = ~ 21 ps FWHM



