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* Locking lasers to transmitted EM wave phase

 GHz modulated optical signal
 Synthesized THz modulation
 THz bandwidth pulse modulation
« 200THz optical carrier
 Conclusions

* Concentrating on short term jitter (21Hz)
— Long term drift measured at interaction point, fed back
— Link drift is not important
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Single shot cross-correlator cancels drift

XC
clock
> 2 stabil-
. control
izer

 For pump-probe, measure at the experiment
— Compensates for intermediate components’ drift (beam paths)
— Light source operates at relatively low reprate
— Jitter is controlled separately
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RF laser stabilization with phase-locked loop

ﬁ -
master clock A

coaxial cable
or RF-over-fiber LPF

 Transmit RF clock, detect phase, lock with PLL
— <500MHz on coax, >10GHz on fiber

 Laser is like voltage-controlled oscillator (VCO) A ¢
— Changing cavity length changes f,,, and harmonics At —

— Piezo actuator (10s of kHz) 2
wf

« EOM actuator (~1MHz)
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Phase detection at GHz noise limited at few-fs

* RF phase comparison
— Example: digital detection at 1.3GHz, 1.4fs RMS, 0.1Hz - 30kHz
 Photodetection of laser or modulated CW

— Photodiode shot noise dominates
— At 1mW optical, 3GHz, 2.6fs RMS error in 10MHz BW
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Few-fs jitter RF link example

3GHz modulated optical carrier

Link only, 3.8fs, 10Hz to 10MHz,
453m fiber

Laser was locked to RF reference
with 1.7fs jitter, 10Hz - 1kHz

Need to increase frequency for
sub-fs
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Lasers have sub-fs noise

 Lasers are quietest oscillators
— Noise above control bandwidth must be negligible
— Intracavity actuators at 10kHz - 1MHz define control bandwidth
 Example: two lasers locked using cross-correlation, 10kHz piezo
— 100as from 10Hz to 100MHz
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Kim et al, IEEE STQE 20, 901108 (2014)
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Locking optical frequencies at THz equivalent

100MHz =—> — ‘ ‘
|

‘ optical
| fy mix

. L)
mix
fs fi‘fep

e (f, -f3) - (f, - f,) = error signal
b A e Like synthesizing THz modulation
G A | « Offset frequency is cancelled
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Synchronizing lasers with 2 wavelengths

Optical master clocks at two harmonics of cavity

— 3.74 THz difference
— 1.5GHz noise compared between two fs lasers with fast actuators
— Equivalent ~4.5fs jitter, 1Hz to 100kHz ™
— Intensity and thermal noise limits
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Locking two lasers with 10THz equivalent frequency

v

coarse 100MHz
lock electronics

fiber

modelocked

laser 1

output

free-space
output

cross-correlator

-
: *
,,,,,,, ‘ |

1530nm
bandpass
f1

f2 f4

1570nm
bandpass K-

modelocked

laser 2

¢+

e 5. 7fs RMS from
1Hz to 1MHz

* Sensitivity
0.13mV/fs

Staples and Wilcox, FEL2005
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Problem with synthesis using independent frequencies

clock

pick

N

pick

RX
} link
RX

difference (virtual THz beat)

—

A signal + error

* Optical phase errors are multiplied by f,/(f, - f,)
— which is, e.g., 200THz/10THz = 20
— It’s the phase of the difference that matters

* This why 2-frequency control is not sub-fs
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Sub-fs links, laser sync achieved using short pulses

* Cross-correlation of pulses detects timing
— Transmit ~200fs pulses, get ~2THz of BW
— Detect using wide BW nonlinear optics
— 10s of mV/fs sensitivity

-
1

MP

— Laser and microwave sync over muliti-km links

RF
— 0.68fs, 1Hz - 1MHz feedback
M})L ;s PM-;DFA
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s npu
network Link locking l Stabilized 1.2 km A lo ) =SPI —
Microwave ENS B0 Sinsing Sk Optical =18/ 14" 8/ Phase error

input output Remote VCO
reference 7
T | / e Power splitter TLM1
: RN e o To Piezoslectric
f\] \ laser links transducer

Link input TLM2

2C L O +— RLO
abilized ) Laser locking Control o
:o : . Link PNS-BOC module

output

Xin et al, IEEE JSTQE, vol.PP (2016)
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Problems with short pulse transmission

* Dispersion

200 MHz
— Lengthens pulse EDEL )
— Wavelength instability L
causes jitter N HN Mp o
] A2
— Compensate with ;
.y . 190 m
additional fiber = | PM-DCF
; feedback | Temp. Enclosure #2

 Mechanical envelope delay
— Slow moving parts

A4 ocC

~-r{LPF [ AD - —

Temp. Enclosure#1

Callahan et al, Opt. Exp. 22, 9749 (2014)
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Problems with short pulse transmission 2

* Nonlinearity plus dispersion re-shapes pulse
— Can reverse detection slope, create jitter
— Imposes power limit

* Need power for efficient SHG
— Use waveguide to increase efficiency
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Peng et al, Opt. Exp. 21, 19982 (2013)

- DEPARTMENT OF Office of ACCELERATOR TECHNOLOGY & Am PDDD
L ENERGY Science APPLIED PHYSICS DIVISION




Lock to optical carrier at 200THz

RE lock optical6 lock
n < 100 f n=10 f
rep CEO
o | reprate —». < » Y—— carrier/envelope offset
©
2]
;_ RF
SHREEN
OHz
frequency
° 1:Iine =N frep + fCEO

— A CEP stable laser fixes f.gq
— Send single frequency to control n f .,
— For 200THz optical, n = 2x108, 1fs is 72°
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How CEP lock works

* Optical comb frequencies are f = nf, +f ..

* Generate harmonics of reprate A Time domain
— Supercontinuum E(?) —»lzaﬂ«
* Also, harmonics of carrier 1 ﬂ ﬂ [\
A/A A\n Iy N A‘h /[ A\ AC >t
—_ SHG \j \/L 77 V v UV 7/ y\\\} U U

* Subtract, and f ... remains
— Lock to submultiple of reprate or zero

|<— 1 fp=1 —>|

B Frequency domain

E- - 216= Ad frep
2 I
g3
E @ | |f,, T f,
= & Generated Initial I £
> continuum ulse ‘ — - : ; >
(4 | l lp . | . i 0 — f,=nfg,+3
600 800 1000 1200

Wavelength (nm) Jones et al, Science 288, 635 (2000)
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Pulsed lasers can be synced using optical phase

receiver

clock -
/ —|— lock carrier
to CW

lock CW lock distant to reprate

comb laser : < local phase _|_L|J_|_L|_
to carrier P comb laser

offset

to envelope lock carrier

to envelope

Wilcox et al, J. Mod. Opt. 58, 1460 (2011)

 With optical interference, mixer is photodiode
— Sensitivity of 500mV/fs with 210mW incident power, 1550nm
— Far above shot noise floor
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CEP can be stabilized long term, with low jitter

50
« Can lock for many hours with low <
noise < ”
— Fast AOM actuator - 2
— Experimental 30 mradis 13as & .
(800nm) g o
(1))
— Drift ~3fs @ 10
2 | . 1 ;
. 10° 10° 10* 10°
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Examples of two lasers locked to stable CW
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Experiment using commercial lasers locked to CW

bandpass
/ﬁ\ ane fCV\/

)

fCEO
10MHz
reference
LO1 LO2
DIGITIZER
piezo EO EO piezo

J CROSS-
CORRELATOR
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The lasers easily locked to <1fs

-150 mEECI mERl - cross-correlation 125

-160 2. -
= =
= . .
=2 detector noise floor S
© 170 . T i |_5E
= : 50
[+ 9 3 o

—-180}4 il ” ..... 41, b=

3 ]

'h

4
Ahh
—20(%;) 160 lObO 164 — 10 - 1

EPEYEY B Wilcox et al, CLEO 2014

ool L | [T integral

e 0.9fs from 10Hz to 2MHz
« Completed in ~3days, using commercial lasers, no special isolation
* Leverage of optical frequency provides high SNR
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Deriving single frequency from comb using optical PLL

0.6

0.5 500as
1Hz-10MHz

0.4

0.3

femtoseconds

0.2 | ~

0.1

0
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

frequency, Hz

 Laser was ~1kHz linewidth, no special acoustic isolation
 EO phase shifter used as high speed extracavity modulator
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Optical phase is transmitted via interferometer

 Example of stable frequency transfer
3fs over 146km, 30as over 20m

-13
- 73 km 10 A e N
—AOM I} 20 m unstabilized fiber }\_\ ]
53 Mtz @ l \ GPS-carrier phase [9]"~ ]

- PDI(in-loop) ‘ Fl =107 ‘*D\g\o 20--O- .. ! optical clocks: Al'/Hg’ rato[1]
aser — u 3
194 THz[" phase @ T o /;\.\/ -.-.
referencepidetector § 146 km stabilized link @~ g
- — ~ T
30 MHz = 10 A, e 3
k2 S A ~m :
EDFA > Ay . 4
remote @ © ~A_| AN .——I\

HAOM2H H c 10-19 B, noise floor [6] l\

PTB 15 MHz = 20 MUz 73 km|LUH o interferometer noise floor A\A\onverted to ADEV
Braunschweig PD2 (out-of-loop) s Hanover < \A\ A /j,

102" . e SEMEPETI I o

1 10 100 1000 10000

integration time t (§) ——=

Grosche et al, Opt. Lett. 34, 2279 (2009)
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Heterodyne interferometer using digital processing

mirror
(EZ}) frequenc output
CW laser > shi?ter Y
W)
4 ,| RF controller

0.025
1.E-14 ey Wy B S 100m link:
150m link: I 23as
' | 1Hz - 10MHz
1.E15 1.5fs unlocked A
50as locked (3.6°) # Eoo1s | Ll m
;E: 1.E-16 L‘ 8
y | - § 001 1 ﬁw
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[ i ' | L
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Frequency, Hz frequency, Hz
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Digital controller tracks phase over ns of perturbation

* Not just one fringe T @ f
req.

* 5ns locking range T shifter '|7

* 0.04as resolution

e 2MHz signal
bandwidth

100MHz SOMHz
ADC 2MHz rect. to polar DAC
lowpass polar to rect.
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Conclusions

« GHz modulation of optical carrier
— Few-fs jitter RF links
— Noise limited
 THz synthesis, two frequencies
— Few-fs jitter laser control
— Negative leverage
 THz bandwidth pulses
— Sub-fs jitter laser control links
— Hard to transmit
« 200THz optical carrier
— Sub-fs system elements
— Easier to transmit
 Improvements can be made to all these techniques
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