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Abstract

 In the fifty years since the demonstration of the laser, coherent light 
has changed the way we work, communicate and play.  The generation and 

control of light is critical for meeting important challenges of

 

the 21st

 
century from fundamental science to the generation of energy.

A look back at the early days of the laser at Stanford will be contrasted 
to the recent breakthroughs in solid state lasers and the applications to 
fundamental science of gravitational wave detection, remote sensing, and 

laser induced fusion for energy production.

Stanford Historical Society
34th

 

Annual Meeting & Reception
May 25, 2010
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Leader in advanced telescopes for astronomy

Lick 36 inch refractor
1888

The Mount Wilson 100 inch
1917

The Palomar 200 inch
1948
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From Maser to Laser –

 

stimulated emission at optical frequencies

 
proposed in 1958 –

 

A. Schawlow and C. H. Townes
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Early advances in lasers ---

 
2009 a Special Year

Concept of Optical Maser

 

Schawlow & Townes

 

1958

Ruby Laser

 

Ted Maiman

 

1960

Nobel Prize awarded in 1964 Townes, Prokhorov and Basov

Hg+ Ion Laser

 

Earl Bell

 

1965
Argon Ion Laser

 

Bill Bridges

Tunable cw

 

parametric Laser

 

Harris

 

1968

Diode bar 1Watt Laser

 

Scifres

 

1978
Diode Pumped Nd:YAG (NPRO)

 

Byer

 

1984

2009 a special year
105kW cw

 

Nd:YAG Slab Laser

 

NGST

 

January
4 MJ IR, 2MJ UV NIF Laser

 

LLNL

 

March
1mJ 10Hz 1A Coh

 

X-ray Laser

 

SLAC

 

April

2010 LaserFest
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Introduction Making Lightwaves

Scientific Applications of Lasers Riding Lightwaves

Future Directions Surfing Lightwaves

Lightwaves

Charlie is still contributing to Science at
The University of California at Berkeley

Prelude
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The Maser at Columbia University

Concept for the MASER, May 11, 1951 Charles Townes & Jim Gordon
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Published in 1955, 

Microwave
Spectroscopy

by
C. H. Townes and A. L. Schawlow

illustrated
how new sources of coherent radiation

could open the field of 
precision molecular spectroscopy.
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Hail Stanford Hail -

 

Microwaves
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Art Schawlow with Mickey Mouse Balloon

 

and Ruby Laser

Retinal Attachment

“If I had set out to 
invent a method of re-

 
attaching the retina, I 
would not have invented 
the laser”

Laser Eraser

“The “Laser Eraser”

 
may not find any 
near term 
application, but it is 
interesting.”

The first Ruby laser was demonstrated in May 1960 by Ted Maiman
Hughes Research Labs in Los Angeles
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I met with young Assistant Professor Sumner P. Davis and asked if I could work
in his laboratory.  His reply: “Go read this book and when you understand
everything in it, come back and see me.”

I returned six months later.

I was asked to take some chalk and derive
the grating equation and dispersion relations.

I worked with Sumner through my senior year.

Sumner P. Davis
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the ion laser

Earl Bell 1965 Mercury Ion Laser

I arrived at a small company in 
Mountain View, CA for an interview.

I waited in the lobby but no one came
to say hello.  After what seemed like
a half an hour I walked into the back
where there was loud cheering and
celebration.

Earl Bell had just operated the first
Ion laser that generated orange light.

I took the job at Spectra Physics
and worked with Earl Bell,
Arnold Bloom, Herb Dwight for
one year, then….

“If a laser can operate at 5% efficiency, it can do real work.”

 

Earl Bell 1965
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Stanford University 

Tony Siegman held brown bag lunches
to discuss research topics of interest such
as Second Harmonic Generation …

I asked Herb Dwight if I could ride my
bicycle to Stanford to attend –

 

yes if I 
made up the time later.

Tony Siegman and Professor Letokov at Stanford

A Helium Neon laser visible
across ‘Silicon Valley’

 

from
the Lick Observatory on
Mount Hamilton 
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Tunable Lasers

Stanford research 1965 –
 

1969   -
 

The Harris Lab
Larry Osterink and the FM argon ion laser
Ken Oshman –

 

OPO pumped by yellow Krypton Ion Laser
Bob Byer and Jim Young

Modelocked pumped LiNbO3 OPO
Materials development (Bob Feigelson)
*Parametric Fluorescence
*CW OPO pumped by Argon Ion Laser

Richard Wallace –

 

studied the AO Q-switched Nd:YAG Laser

OPO technology transferred to Chromatix -

 

1970

I joined the Steve Harris Lab in 1965
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Stephen E. Harris

 
~1963

 
Stanford University

Accepted at Stanford!
Assigned to work with Professor S. E. Harris
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Measured nonlinear coefficient

Derived parametric gain

Measured tuning curve

Confirmed quality of the Crystal

Observed Parametric Amplifier
Quantum Noise by eye!
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“I see red!”

 

Ben Yoshizumi  May 11, 1968

Argon Ion
Laser pump

OPO cavity

LiNbO3

 

crystal
in the oven

Red tunable
Output ~1mW

Threshold 430mW.  Available power at 514.5nm  470mW

Visible Tunable Parametric Oscillator in LiNbO3
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Richard Wallace with Q-switched 
Chromatix Nd:YAG Laser

Doubled YAG pumped LiNbO3

 

OPO
First tunable laser product
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Stanford research 1965 –

 

1969   -

 

The Harris Lab
Larry Osterink and the FM argon ion laser
Ken Oshman –

 

OPO pumped by yellow Ion Laser

Bob Byer and Jim Young
Modelocked

 

pumped LiNbO3 OPO
Materials development (Bob Feigelson)
*Parametric Fluorescence
*CW OPO pumped by Argon Ion Laser

Richard Wallace –

 

studied the AO Q-switched 
Nd:YAG Laser

OPO technology transferred to Chromatix -

 

1970

Stephen E. Harris –

 

Stanford University
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“Don’t undertake a project unless it is manifestly 
important and nearly impossible.”

 

Edwin Land -

 

1982

Scientific Applications of Lasers
Atmospheric Remote Sensing

Quanta Ray Laser

 

1J Unstable resonator 
1.4 to 4.3 micron Tunable LiNbO3

 

OPO
Global Wind Sensing

Diode pumped Nd:YAG
Frequency stable local oscillator -

 

NPRO

Search for Gravitational Waves
10 W Nd:YAG slab MOPA LIGO
200W fiber laser MOPA       Adv LIGO
1W Iodine Stabilized Nd:YAG

 

LISA

Laser Accelerators and Coherent X-rays
TeV energy scale particle physics
Coherent X-rays for attosecond science
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Helge Kildal and R. L. Byer
“Comparison of Laser Methods for 
The Remote Detection of Atmospheric
Pollutants”
Proc. IEEE 59,1644 1971 (invited)

Henningsen, Garbuny and Byer -

 

1974

Vibrational-Rotational overtone spectrum
of Carbon Monoxide by tunable OPO.

(Chromatix Nd:YAG pumped LiNbO3

 

OPO
Product introduced as product in 1969)
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Motivation for tunable lasers at Stanford

Atmospheric Remote sensing beginning in 1971
Unstable resonator Nd:YAG --

 

Quanta Ray Laser
1.4 -

 

4.4 micron tunable LiNbO3

 

OPO --

 

computer controlled
Remote sensing of CH4

 

, SO2

 

and H2

 

O and temperature

Early Remote Sensing

 

1960 -

 

1975
LIDAR Laser Detection and Ranging
Inaba, Kobayashi

 

Detection of Molecules
Kidal and Byer

 

Comparison of Detection Methods
DIAL

 

Differential Absorption Lidar
Menzies

 

CO2

 

laser Direct and Coherent Detection
Walther

 

& Rothe

 

Remote sensing of pollutants
Svanberg

 

Remote sensing pollution monitoringHumio Inaba

Sune Svanberg

Herbert Walther
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Stephen J. Brosnan, R. L. Byer
“Optical Parametric Oscillator Threshold and
Linewidth Studies”
Proc. IEEE J. Quant. Electr. QE-15,415,1979

Steve Brosnan observing atmospheric spectrum
with OPO tuning under PDP-11 computer control

Fig 19.
LiNbO3

 

OPO
Angle 
Tuning curve 
( 45-50 deg)

1.4 –

 

4.3 microns
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1965

A. E. Siegman
“Unstable optical resonators 
for laser applications”
Proc. IEEE 53, 277-287, 1965

R. L. Herbst, H. Komine, R. L. Byer
“A 200mJ unstable resonator Nd:YAG
Oscillator”

 

Optics Commun. 21, 5, 1977
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R. L. Herbst, H. Komine, and R. L. Byer
“A 200mJ Unstable Resonator Nd:YAG
Oscillator”
Opt. Commun. 21, 5, 1977

Quanta Ray 532nm output after SHG
in KD*P crystal. Note “hole”

 

in beam.
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1980

Atmospheric Remote
Sensing using a Nd:YAG
Pumped LiNbO3
Tunable IR OPO.

The OPO was tuned under
Computer control continuously
From 1.4 to 4.3 microns

Atmospheric measurements
Were made of CO2

 

,
SO2

 

, CH4

 

, H2

 

O and 
Temperature.

Sixteen inch diameter telescope on the roof of the Ginzton Laboratory, Stanford
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My ‘optimistic’

 

projection in 1975 was a total market of about 75 lasers.
More than 10,000 Quanta Ray Lasers sold to date.
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Huffaker

 

1984

Global wind sensing
Milton Huffaker
proposed coherent
detection of wind using
eye-safe lasers.

Applied Optics 22 1984

Led to diode pumped solid state laser studies

 

to meet laser in space requirements



The History of Lasers at Stanford                               May 25 2010 Cubberley Auditorium, Staford

Byer
Group

Diode Pumped Solid State Lasers –

 

1984

Laser Diode Pumped Nd:YAG -

 

1984

Binkun Zhou, Tom Kane, Jeff Dixon 
and R. L. Byer
“Efficient, frequency-stable laser-diode-

 
pumped Nd:YAG laser”
Opt. Lett. 10, 62, 1985

5mm Nd:YAG Monolithic Oscillator
< 2mW output power for 8mw Pump
25% slope efficiency

Nd;YAG

 

< 2mW at 25% slope efficiency -

 

1984
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Coherent Laser Radar

Local Oscillator
Invention of the Nonplanar

 

Ring Oscillator
Power Amplifier

Multipass

 

60 dB gain slab amplifier
Heterodyne Receiver

Fiber coupled heterodyne detection

Goal: wind sensing from the laboratory using
a coherent Nd:YAG laser transmitter-receiver
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1984

Tom Kane, R. L. Byer
“Monolithic, unidirectional 
Single-mode Nd:YAG ring laser”
Opt. Lett. 10,65,1985

NonPlanar

 

Ring Oscillator
Single frequency: <10kHz 

Single axial mode, narrow linewidth, Nd:YAG local oscillator 
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From Concept (Bloembergen 1962) 
To Demonstration in the Lab (Stanford 1988)

 
To Green Laser Pointers and Laser TV (2005 –

 

2010)

Mitsubishi green laser for TV using
PPLN for second harmonic generation

IEEE Spectrum March 2010
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Green Laser Pointer –

 
from a question in class to invention and patent (1984)

Question in class from Jeff Dixon:
Professor Byer, can we frequency
double the cw diode pumped Nd:YAG laser
with good efficiency?

Answer:

 

I don’t know.  If you do the
calculations, I will do them as well and
we can discuss the possibility of a green 
laser at class on Tuesday.
Result:

 

Demonstration of internal SHG
of a diode pumped Nd:YAG laser with
cw

 

532nm green output.
(Patent issued in 1986 to Stanford)

Applications:
Lecture pointer (for color challenged males)
Green laser pointer for astronomy
Rescue flare for sailors at sea
Green laser for color TV

My favorite invention and laser legacy because of widespread use

 

by amateur astronomers
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Hail Stanford Hail –

 

the Laser

Hail Stanford Hail –

 

The Laser
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“One thing leads to another..”

 

(Brad Parkinson)

 
Scientific Applications of Lasers

“Don’t undertake a project unless it is manifestly 
important and nearly impossible.”

 

Edwin Land -

 

1982

Scientific Applications of Lasers
Atmospheric Remote Sensing

Quanta Ray 1J Unstable resonator 
Nd:YAG Laser
1.4 to 4.3 micron Tunable LiNbO3 OPO

Global Wind Sensing
LD pumped Nd:YAG
Frequency Stabilization

LIGO and LISA & Gravitational Waves
10 W Nd:YAG slab MOPA for LIGO
200W fiber laser MOPA       Adv LIGO
1W Iodine Stabilized Nd:YAG

 

LISA
Optical Clock for SMEX mission  STAR

Global remote sensing 1980 –
Needed a coherent laser oscillator.

….from Coherent Laser Radar to Gravitational Waves…

 

1988
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LISA Concept –

 

Led to LIGO meeting in Boston, Dec 2008

Peter Bender holding 4x4cm Au/Pt cube
Schematic of LISA in 1988

Expected Launch date of 1998

 

(now 2015) 
Laser power 1W
Laser stability extremely high
Laser reliability > 5 years

Gravitational waves open
a new window on universe

Detect amplitude

 

and phase
of gravitational waves
with sensitivity to detect back
the era of galaxy formation.
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LISA Mission –

 

Pre Phase A Report -

 

1995

LISA

 

-

 

Laser Interferometer
Space Antenna

Phase A Study -

 

1995
Joint mission NASA and ESA

3 satellites in solar orbit
1 W laser -

 

Nd:YAG NPRO
5 million km interferometer path 
30 light seconds round trip delay

Scheduled for launch in 2020
1 year to station, 5 year mission

Will detect binary neutron stars in our galaxy

Will detect massive binary Black Holes at
Cores of most galaxies
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LISA Interferometer Space Antenna

Karsten

 

Danzmann
LISA Pathfinder 
Technology Mission

LISA will detect Gravitational Waves(amplitude

 

and phase) from massive binary black holes
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LIGO Observatory Sites

Barry Barish* Rai

 

Weiss
MIT

* Jay Marx joined LIGO as Director –

 

Jan 2006
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LISA and LIGO Detection Bands

Kip Thorne,
CalTech

&

Rai Weiss
MIT
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G0900437                         19May09      UC Davis
40

Global network of interferometers

LIGO
4 km

LIGO
4 km & 2 km

VIRGO
3 km TAMA

300m

GEO
600m

• Detection confidence
• Source polarization
• Sky location
•Duty cycle
•Waveform extraction

AIGO-
R&D facility

LSC: 
LIGO+GEO
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Piza, Italy

LIGO, GEO, Virgo, 
July 2007

41

French-Italian project, located near Pisa, Italy; 3 km arms

Joint data-sharing agreement with the LSC, started 2007



The History of Lasers at Stanford                               May 25 2010 Cubberley Auditorium, Staford

Byer
Group

LIGO Scientific Collaboration
Australian Consortium

for Interferometric
Gravitational Astronomy
The Univ. of Adelaide
Andrews University
The Australian National Univ.
The University of Birmingham
California Inst. of Technology
Cardiff University
Carleton College
Charles Stuart Univ.
Columbia University
Embry Riddle Aeronautical Univ.
Eötvös Loránd University
University of Florida
German/British Collaboration for the 

Detection of Gravitational Waves
University of Glasgow
Goddard Space Flight Center
Leibniz Universität Hannover
Hobart & William Smith Colleges
Inst. of Applied Physics  of the 

Russian Academy of Sciences
Polish Academy of Sciences
India Inter-University Centre

for Astronomy and Astrophysics
Louisiana State University
Louisiana Tech University
Loyola University New Orleans
University of Maryland

Max Planck Institute for 
Gravitational Physics
University of Michigan
Massachusetts Inst. of Technology
Monash University
Montana State University
Moscow State University
National Astronomical 

Observatory of Japan
Northwestern University
University of Oregon
Pennsylvania State University
Rochester Inst. of Technology
Rutherford Appleton Lab
University of Rochester
San Jose State University
Univ. of Sannio at Benevento, 
and Univ. of Salerno
University of Sheffield
University of Southampton
Southeastern Louisiana Univ.
Southern Univ. and A&M College
Stanford University
University of Strathclyde
Syracuse University
Univ. of Texas at Austin
Univ. of Texas at Brownsville
Trinity University
Universitat de les Illes Balears
Univ. of Massachusetts Amherst
University of Western Australia
Univ. of Wisconsin-Milwaukee
Washington State University
University of Washington
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Gravitational Waves (GW)

•
 

What are GW?
–

 

waves in curvature of space-time 
–

 

a prediction of general relativity
–

 

produced by acceleration of mass 
(c.f. EM waves produced by 
accelerated charge)

–

 

travel at speed of light
BUT

–

 

gravitational interactions are very 
weak

–

 

no dipole radiation (due to 
conservation of momentum and mass 
of only one “sign”)

To produce significant flux requires 
asymmetric accelerations of large masses

Astrophysical Sources
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How Precise must LIGO/LISA be?

 
(Answer: Very, very Precise!!!!)

1 part in 101 part in 102121 strainstrain

Strain sensitivity analogous to Strain sensitivity analogous to 
1010--2121 x 4 x 10x 4 x 101616 m = 4 x 10m = 4 x 10--55 m ~ 40 microns!m ~ 40 microns!

Like measuring the distance to a nearby Like measuring the distance to a nearby 
star to the diameter of a human hairstar to the diameter of a human hair !!

(~100 microns)(~100 microns)

Alpha Centauri:  4.4 light years  = 4 x 10Alpha Centauri:  4.4 light years  = 4 x 101616 metersmeters

Alpha Centauri
(one of the nearest

stars)

1021= 1,000,000,000,000,000,000,000
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•

 

Bursts
–

 

catastrophic stellar collapse to form black 
holes or neutron stars

–

 

final inspiral

 

and coalescence of neutron star 
or black hole binary systems –

 

possibly
associated with gamma ray bursts

•

 

Continuous
–

 

pulsars (e.g. Crab)
(sign up for Einstein@home)
–

 

low mass X-ray binaries                          (e.g. 
Sco-X1)

•

 

Stochastic Background
–

 

random background “noise”

 

associated with 
cosmological processes, e.g. inflation, cosmic 
strings…..

A New Astronomy

SN1987a
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Binary BH-BH system

This source:

“Chirp” waveform

h

Produces this waveform:

Embedded in this noise stream:

We use different 
methods (in this case 
optimal Weiner filtering 
using matched 
templates) to pull these 
signals from the noise:   

The problem is that non-astrophysical sources also produce signals (false positives)
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G0900437                         19May09      UC Davis
47

S5 Science Run: LIGO at Design Sensitivity
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10-23

10-22
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in
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,  h
(f)

 /H
z1/

2

10 Hz 100 Hz 1 kHz

10-22

10-23

10-24

10-21

Projected Advanced LIGO performance

•

 

Newtonian background,

 
estimate for LIGO sites

•

 

Seismic ‘cutoff’

 

at 10 Hz

•

 

Suspension thermal noise

•

 

Test mass thermal noise

•

 

Unified quantum noise 
dominates at 
most frequencies for full

 
power, broadband tuning

Initial LIGO

Advanced LIGO

David Shoemaker/adapted

Higher 
power

Better 
isolation

Reduced 
thermal noise
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Advanced LIGO

PRM  Power Recycling Mirror
BS     Beam Splitter
ITM    Input Test Mass
ETM   End Test Mass
SRM  Signal Recycling Mirror
PD     Photodiode

SILICA      

180 W
830 kW

G0900437                         19May09      UC Davis
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50

LIGO Vacuum Equipment

• 1.2 m diameter
• Aligned to a mm
•

 

Total of 16km 
fabricated with no 
leaks
• 1 nTorr

 

(!)
•

 

few, remote 
pumps
• Cover…

G0900437                         19May09      UC Davis
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G0900437                         19May09      UC Davis
51
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Advanced LIGO Interferometer

PRM  Power Recycling Mirror
BS     Beam Splitter
ITM    Input Test Mass
ETM   End Test Mass
SRM  Signal Recycling Mirror
PD     Photodiode

SILICA      

180 W
830 kW

 

G0900437                         19May09      UC Davis
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Advanced LIGO Suspension + Isolation

 (Dan DeBra

 

and Brian Lantz)

Corwin Hardham

active isolation 
platform 
(Stanford)

quad pendulum

(Glasgow Univ-
Sheila Rowan

Norna

 

Robertson)

Hydraulic pre- 
isolator (HEPI)

(Stanford)
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Quadruple Suspension for Advanced LIGO

C Torrie, M Perreur-Lloyd, E Elliffe, R Jones
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Monolithic Suspension -

 

Assembly

Bonding of ears Welding of fibres
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Benno

 

Wilke, Hannover, Germany

Benno

 

Willke
Hannover

In charge of 180W
Laser program for
Advanced LIGO

Edge Pumped Nd:YAG slab -

 

Stanford Injection locked Nd:YAG oscillators
Hannover

Unstable resonator --

 

Adelaide
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57

180W prototype -

 

layout

medium
power
stage

high
power
stage

NPRO

reference
cavity

AOM

pre-
modecleaner

to 
interferometer
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•

 

Started April 2008, scheduled to wrap up in 
2015 with installation of the computing cluster

•

 

About 1/5 of the way through the Project in terms 
of ‘earned value’, pretty close to planned status

•

 

Costs are ok (a little under due to soft economy); 
allows hiring people to solve problems

•

 

No significant new noise sources or problems –

 
should be able to get to that promised 
factor-of-10 in sensitivity

•

 

Design is wrapping up; big ticket/long schedule 
items mostly underway

•

 

Modifications of Observatories for assembly, 
cleaning, storage complete

•

 

Fabrication is underway of interferometer 
components

Performance to 
Date

Bu 
dg 
et

Act 
ual

Ear 
ne 
d

David Shoemaker  -

 

MIT
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108

 

ly

Enhanced LIGO LIGO today

Credit: R.Powell, B.Berger

Adv. LIGO

GOAL:    
sensitivity 10x better 
look 10x further 
Detection rate 1000x larger

2nd

 

generation: 
Advanced LIGO

From Discovery to 
 Astronomy

Gravitational Waves: From Discovery to Astronomy

Legacy from the laser: gravitational wave astronomy later this decade
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Diode Pumped Solid State Lasers –

 

1984

Laser Diode Pumped Nd:YAG -

 

1984

Binkun Zhou, Tom Kane, Jeff Dixon 
and R. L. Byer
“Efficient, frequency-stable laser-diode-

 
pumped Nd:YAG laser”
Opt. Lett. 10, 62, 1985

5mm Nd:YAG Monolithic Oscillator
< 2mW output power for 8mw Pump
25% slope efficiency

Nd;YAG

 

< 2mW at 25% slope efficiency -

 

1984
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How did we progress from 2mW in 1984 to > 100kW in 2009?

 Where are we going in the future?

Laser Diode Pumped Nd:YAG -

 

1984

Binkun Zhou, Tom Kane, Jeff Dixon 
and R. L. Byer
“Efficient, frequency-stable laser-diode-

 
pumped Nd:YAG laser”
Opt. Lett. 10, 62, 1985

5mm Nd:YAG Monolithic Oscillator
< 2mW output power for 8mw Pump
25% slope efficiency
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1978

Don Scifres, 

Ralph Burnham, and
Bill Streifer -

 

1978

This was the first Watt level 
power output from a linear Laser 
Diode Array.

Within one decade the output 
power would increase to greater 
than 100W from a one centimeter 
LD bar.

1 Watt at 25% efficiency –

 

1cm  bar
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Laser Diode Cost & Output Power vs Year

 
Moore’s Law applied to Solid State Lasers

Byer’s version of Moore’s Law
(1988 –

 

2004)

Predicted $1/Watt in 2004
Delayed by 2 years –
by Telecom boom and bust 

(Today diode bars cost $0.1/W)

Moore noted that the number 
of transistors per chip was 
doubling every 18 months.  
He attributed this to 
experience and learning from 
improved production.

The corollary was that the cost 
decreased as market size and 
production volume grew.  

Moore’s Law was born.
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Nd:YAG & Nd:Glass Slab Geometry Lasers -

 

1972

Joe Chernoch

 

Invention
Patent # 3,679,999
July 25, 1972
Engineer at 
General Electric Corp

The zig-zag slab laser concept
Cancels thermal focusing to first order
Power scales as slab area
Retains linear polarization

“Zig-Zag”

 

face pumped
Slab laser 

“Active mirror”

 

or also 
known as the
“thin disk”

 

laser.

“Disk amplifier”

 

geometry
adopted for the NIF
Laser
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TRW DAPKL*
 

Nd:YAG Laser
(1988 -

 

1993)
Three stage MOPA with Phase Conjugation
10 J Q-switched pulses at 100 Hz
1 kW near diffraction limited laser
SHG to green
*Diode Array Pumped Kilowatt Laser
1 kW of average power –a  1st

 

step.

R. J. Shine, A. J. Alfrey, R. L. Byer
“40W cw, TEMoo-mode,
Diode-laser-pumped, Nd:YAG miniature
Slab laser”

 

Opt. Lett. 20, 459, 1995

Face pumped, water cooled
25 -

 

10W fiber coupled laser diodes
250 W pump power
Cost: $280k in 1995

Stanford University
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Innovation:

 

Edge-Pumped, Conduction Cooled Slab Laser –

 

2000

 
(Predicted Power scaling to >100 kW with High Coherence)

T.S. Rutherford, W.M. Tulloch,
E.K. Gustafson, R.L. Byer
“Edge-Pumped Quasi-Three-Level 
Slab Lasers: Design and Power Scaling”
IEEE J. Quant. Elec., vol. 36, 2000

Predicted 100kW output based on single crystal Yb:YAG –

 

need sizes > 20 cm
Difficult with single xtals, but possible with polycrystalline ceramic YAG!

Conduction cooled, low doping, TIR guided pump, power scaling as

 

Area
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Innovation: Polycrystalline “Ceramic”

 

Laser Gain Media 
Challenge the traditional single crystal approach

In late 2003, ceramics offered equivalent performance to single crystals. 
Can ceramics offer improved performance? 



The History of Lasers at Stanford                               May 25 2010 Cubberley Auditorium, Staford

Byer
Group

Innovation: Power scaling of Neodymium Doped Ceramic Lasers

Dr. Kenichi Ueda
Nd:YAG ceramic laser performance
equals that of Nd:YAG single crystal

Professor Kenichi Ueda

Key result: convinced laser community 
That Ceramic YAG better than Xtal YAG
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Ceramic gain media can be engineered to optimize laser performance
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Research in US exceeds 105 kW  average power using 
Diode Pumped Ceramic YAG

3.LLNL: Thermo Capacity Laser; Nd:Sm:YAG

1. Northrop Grumman: End-pumped Slab: Yb:YAG

2. Textron: Zigzag Thin Slab Laser: Nd:YAG

http://media.primezone.com/noc/
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High Power Amplifiers Based on 
Conduction-Cooled End-Pumped Slab (CCEPS)

conductionConduction-cooled end- 
pumped thin slab

Coupling optics

High power CW 
commercial diode arrays

Cu microchannel 
coolers

CCEPS slab design

Nd:YAG Undoped 
YAG

Evanescent 
Wave Coating Pump

Light

Laser 
Beam

Nd:YAG Undoped 
YAG

Evanescent 
Wave Coating Pump

Light

Laser 
Beam

Nd:YAG Undoped 
YAG

Evanescent 
Wave Coating Pump

Light

Laser 
Beam

Key elements of CCEPS high power amplifier:
– Composite Nd:YAG slab with undoped YAG endcaps
– Copper microchannel coolers for conductive heat removal
– Uniform & efficient end pumping
– Evanescent coating on cooled faces
– Zig-zag extraction
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• A single low power master oscillator injects 
multiple amplifier chains 

• The MOPA outputs are wavefront corrected, 
coherently combined, and stacked side-by- 
side to form a common beam

• JHPSSL Phase 2 used two chains to 
demonstrate 25 kW output:

(G. Goodno et al, Advanced Solid State Photonics 
2006, MA2)

NGST JHPSSL Architecture

 
Northrop Grumman Space Technology         Joint High Power Solid

 

State Laser

Image Relayed,
Angularly
Multiplexed
Power Amplifie rs

Master Oscillator

Adaptive 
Optics

Tiled High Power
Output Beam

Preamps Wavef ront
Sensors

Piston
Correction

(H. Injeyan et al, CLEO/QELS 2005, CMJ3)

Chain A

Chain B

Amplifier
Chain

Adaptive
Optics

Master
Oscillator

Coherent
Beam

Combination
Amplifier

Chain
Adaptive
Optics Tiled High Power

Output Beam

NGST:   Northrop Grumman Space Technology
JPHSSL: Joint High Power Solid State Laser
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105 kW Nd:YAG laser to be demonstrated at

 
DoD

 

High Energy Laser Systems Test Facility (Helstf)

Solid State Laser Test Experiment
(SSLTE) to be set up in 2011

Establishing the SSLTE is a 
“monumental event” says
Col James Jaworksi, Helstf

 

Director. 
“But solid-state lasers are the way of 
the future. They will eventually 
generate megawatts.”

Northrop Grumman diode-pumped
Nd:YAG solid state laser

105kw cw

 

output with M2

 

~ 1.5
>4 hr operation to date
~ 20% electrical efficiency
Adaptive Optics enabled coh

 

beams
< 1 sec turn-on time
MOPA architecture for power scaling

Solid State Lasers –

 

a path to megawatt power with high efficiency
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Realized & Projected Laser Power “Livingston Plot”

 

for 
Diode pumped Solid State Lasers

“It is difficult to make predictions,
especially about the future.”

Neils Bohr

•*

 

120W Adv LIGO
•Nd:YAG slab MOPA

* 1 kW TRW DAPKL Slab Laser MOPA -

 

1995

* 25 kW

 

NGST Slab Laser MOPA -

 

2006

* 100kW NGST Slab Laser MOPA –

 

2009

*  1 MW Slab Laser MOPA??

100 kW

1 MW

-----10----------------------20

Ceramic
Gain
Media

Why the interest in MW average power Lasers?   
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Realized & Projected Laser Power “Livingston Plot”

 

for 
Diode pumped Solid State Lasers

“It is difficult to make predictions,
especially about the future.”

Neils Bohr

•*

 

120W Adv LIGO
•Nd:YAG slab MOPA

* 1 kW TRW DAPKL Slab Laser MOPA -

 

1995

* 25 kW

 

NGST Slab Laser MOPA -

 

2006

* 100kW NGST Slab Laser MOPA –

 

2009

*  1 MW Slab Laser MOPA??

100 kW

1 MW

-----10----------------------20

Ceramic
Gain
Media

Laser Accelerators for TeV scale physics and coherent X-rays



The History of Lasers at Stanford                               May 25 2010 Cubberley Auditorium, Staford

Byer
Group

Realized & Projected Laser Power “Livingston Plot”

 

for 
Diode pumped Solid State Lasers

“It is difficult to make predictions,
especially about the future.”

Neils Bohr

•*

 

120W Adv LIGO
•Nd:YAG slab MOPA

* 1 kW TRW DAPKL Slab Laser MOPA -

 

1995

* 25 kW

 

NGST Slab Laser MOPA -

 

2006

* 100kW NGST Slab Laser MOPA –

 

2009

*  1 MW Slab Laser MOPA??

100 kW

1 MW

-----10----------------------20

Ceramic
Gain
Media

And LIFE: Laser Inertial Fusion for Energy Generation 
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1972

John Emmett 

John Nuckols
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Who Invented This Crazy Idea, Anyway?

Art Schawlow

John Holzrichter
John Emmett

The Shiva Laser, predecessor to the NOVA and NIF Fusion Lasers

Shortly after the demonstration of the Ruby laser John Nuckols

 

at Livermore Labs 
suggested that lasers could drive matter to extreme density and temperature

and achieve a fusion burn

 

in the laboratory.
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NIF 2009 Highlights
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The next steps (The National Ignition Campaign) are to study 
ignition for 18 months culminating in an

Ignition shot scheduled for late 2010
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NIF Achieves Implosion Symmetry with Indirect Drive
Science Magazine  5th

 

March 2010 p 1208

Experiments show that beam
control (wavelength and pointing)
can shape implosion symmetry

Targets illuminated by 192 beams at
355nm in UV with > 1MJ of energy
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X-ray images of compressed Target Shots

 
1MJ UV Laser Energy –

 

Sept 2, 3, 4, 5, 2009
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1.8 MegaJoules of UV Energy exceeds Ignition Point by 2x

A series of target compression studies are planned for 2010 
Goal: confirm all aspects of target performance prior to a fusion burn shot
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CPJ Barty 070516

Slide title

• text

Fusion Ignition at the NIF 
in 2010 will be a “lunar” 
moment

Ignition will lead to 
serious consideration of 
inertial fusion as an 
future energy source 
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40 MW UV Laser 
with >10% wall 
plug efficiency

2035
ETF

100J IR

2009
NIF

1972

Petawatt laser pulse       
creates the hot spot    1 MW, 100 PW 

Laser

2025
FI ETF

2001 LLNL cone focus FI concept
Demonstrated in JAPAN
2003 1000x more neutrons

~2016 Full-scale 
Fast Ignition on NIF

1996 Nova PW 

2009 3kJ ARC PW on NIF 

2010 Ignition at NIF 

Fast Ignition is    
“spark plug” ignition

1974
Janus

1MJ UV 1shot/4hr

1977
Shiva

10kJ IR

1984
Nova

30kJ UV

Birth of
ICF@
LLNL

2005
HAPL

50J 10 Hz

1992

Fast
Ignition

Invented 
@ LLNL

The development of Inertial Fusion Energy will require new 
Megawatt average power & Petawatt peak power lasers

Compression creates
the igniting hot spot
This is “diesel” like ignition
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Scaling to IFE drivers for reactor design 1-2 MJ, 
16 Hz, 10% efficiency  -

 

IFE forum of Japan

Kenichi Ueda –

 

“Temperature Tuned Ceramic Lasers for IFE Drivers”
OSA invited talk FMK1 October 9, 2006
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Continuous pour of Nd:Glass allowed lower cost for NIF
(However, low thermal conductivity

 

of glass limits average power)

Yb:Ceramic gain media has properties of a crystal but lower cost

Next Generation Fusion Laser Driver requires 
Ceramic gain

 

media for 10 Hz operation



Byer
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NIF-0107-13317.ppt NIF Directorate Review Committee

LLNL’s diode laser array technology is the key to increased 
laser repetition rate and efficiency



Byer
Group

1 shot every 4 hours 
0.75% wallplug efficiency

20 Megawatts
5 shots every second 
>10% wallplug efficiency
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After nearly 50 years of determined effort, 

we should see a “sun” in the laboratory for ~10 psec duration in 2011
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APS Session B5: 5 Legacies from the Laser

•

 

Introduction
•

 

Recent Innovations Making Lightwaves
•

 

Scientific Applications of Lasers

 

Riding Lightwaves
•

 

The Future –

 

continued innovation Surfing Lightwaves

Post Script - Hello from the Stanford Photonics Research Center (SPRC)

2009 – A Special year in Lasers
Jan -

 

105kw cw near diff limited Nd:YAG slab laser
Mar -

 

NIF certified as completed -

 

4MJ IR laser
Apr –

 

LCLS Coherent 8keV X-ray FEL Laser at SLAC

2010 – Successful fusion burn?
2015 – 5Hz 40kJ single arm of LIFE Laser
2025 – 5Hz 2MJ LIFE Laser Engineering Demo
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SSRL

undulator

3 km

120 m

accelerator

Experiment 
lines

LCLS
injector

T ~ 230 1 fsec
λ ~ 1.5 – 15 Å
Φ ~ 1012 γ / pulse

SASE-FEL 14 GeV

• materials science
• chemistry
• atomic physics

100 m

T ~ 230 1 fsec
λ ~ 1.5 – 15 Å
Φ ~ 1012 γ / pulse

SASE-FEL 14 GeV

• materials science
• chemistry
• atomic physics

100 m

April 15 2009 -

 

LCLS: Coherent 8KeV X-ray source-

 

1mJ at 10Hz !!

• 1 km-size facility
• microwave accelerator
• λRF ~ 10 cm
• 4-14 GeV e-beam

• 120 m undulator
• 23 cm period
• 15-1.5 A radiation
• 0.8-8 keV photons
• 1014 photons/sec
• ~77  fsec

• SUCCESS – April 09
• 1mJ per pulse
• 10 Hz
• 8 keV X-ray photons

LCLS propertiesLCLS properties

TTF:     Tesla Test Facility; fsec EUV SASE FEL facility
XFEL:  Proposed future coherent X-ray source in Europe…
TTF:     Tesla Test Facility; fsec EUV SASE FEL facility
XFEL:  Proposed future coherent X-ray source in Europe…

RFRF--accelerator driven SASE FEL at SLAC  accelerator driven SASE FEL at SLAC  -- April 2009April 2009

http://www.slac.stanford.edu/slac/media-info/photos/aerial.tif
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Stanford Photonics Student Group Retreat

 
April 3 -

 

4, 2009, Monterey, CA
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Poipu Beach, Kauai
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source of free 
particles

accelerator 
section

undulator

The Key Components of the SASE-FEL architecture
SASE –

 

Self Amplified Spontaneous Emission

dielectric structure, 
laser driven

dielectric structure
based laser-driven 

particle accelerators 

SSRL

undulator

3 km

120 m

accelerator

Experiment 
lines

LCLS
injector

SSRL

undulator

3 km

120 m

accelerator

Experiment 
lines

LCLS
injector

laser-driven
high rep. rate
very compact
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Proposed parameters for laser driven SASE–FEL  
(Theoretical Study of FEL operation –

 

summer 2008)

oscillator 
laser

field 
emission 

tip

laser  accelerator

amplifiers

low energy high energy

undulator

beam 
dump

2 m ½ m

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

top view

λ/2

λ

~200 μm

~50 μm

~ 40 cm

~200 μm

~50 μm

~ 40 cm

1 pC, 
2 GeV, 
λu = 200 μm,
Lu = 40 cm
rb ~ 200 nm
B ~ 1   T

Discouraging!  Magnetic Undulator not 
Matched to attosecond electron bunches
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accelerator structure deflection structure

( ) 0=×+ ⊥⊥ BvE
rrr ( ) 0≠×+ ⊥⊥ BvE

rrr

GeV/m 4~ ~ 2
1

|| →laserEE
r GeV/m 2 ~ ~ 5

1 →⊥ laserEqF
r

T. Plettner, “Phase-synchronicity conditions from pulse-front tilted laser beams on one-dimensional 
periodic structures and proposed laser-driven deflection”, submitted to Phys. Rev. ST AB

key ideakey idea
Extended phase-synchronicity between the EM field and the particle

Use modelocked laser to generate periodic deflection field

New Idea: Laser-Driven Dielectric Undulator

 

for FEL

End of Story?  NO!  Plettner went away and thought real hard -
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Calculated FEL Performance –

 

0.1 Angstrom X-rays
(Pulse duration of X-rays –

 

5 attoseconds)
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Summary: possible table-top coherent X-ray source

Schematic of the tabletop radiation source

field emitter 
source*

laser 
accelerator

~  1 m

~1 
GeV

uλundulator period uλundulator period

pulse-front 
tilted laser 

beams

deflection 
structure 
sections

uλundulator period uλundulator period uλundulator period uλundulator period

pulse-front 
tilted laser 

beams

deflection 
structure 
sections

laser 
undulator

~  30 cm

x-rays
105/pulse

100 keV

There is a path forward based on a
modelocked laser driven dielectric structure
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Look for undulator radiation
((
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Challenges ahead

IFEL Compressor Chicane LEAP Cell
~12 cm

5.4 cm

~1 psec ~3 fsec ~7 fsec ~7 fsec

60 MeV e-

IFEL Compressor Chicane LEAP Cell
~12 cm

5.4 cm

~1 psec ~3 fsec ~7 fsec ~7 fsec

60 MeV e-

Staged acceleration
• precise control of optical phase
• control of focusing and steering 
of the electron beam

Implementation of real 
accelerator microstructures

• fabrication
• coupling of the laser
• electron beam transmission
• survival of the radiation environment
• heat removal

Laser technology
• wavelength  2 μm 
• optical phase control
• wallplug efficiency
• lifetime

1

2

3
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• BACK UP SLIDES
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33 km

3 km

Existing and Proposed Linear Accelerators

Existing SLAC –

 

50 GeV Proposed ILC Accelerator 1 TeV

The goal

 

of the Laser Electron Accelerator Program –

 

LEAP -

 

is to invent 
a new approach that will allow TeV physics on the SLAC site. 

To achieve the goal we need an acceleration gradient of 1 GeV per meter.
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1974 –sabbatical leave, Lund     1994

 

–

 

SLAC summer school

 

2004

 

–

 

Successful 1st

 

Exp

electron 
source

DC potential RF modulator
(buncher)

pre-accelerator accelerator  structures

0 eV 100 keV ~ 2 MeV
MeV/m   50≤

Δ
Δ

x
U

0=β 21~β 1→β

“An accelerator is just a transformer”

 

–

 

Pief Panofsky

“All accelerators operate at the damage limit”

 

-

 

Pief

“To be efficient, the accelerator must operate in reverse”
- Ron Ruth, SLAC

“

 

It is not possible to accelerate electrons in a vacuum”
Lawson -

 

Woodward theorem

“An accelerator requires structured matter –

 

a waveguide -
to efficiently couple the field to the electrons”

 

Bob Siemann
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Participants in the LEAP Experiment
Laser Electron Accelerator Program

1     E.L. Ginzton Laboratories, Stanford University
2 Stanford Linear Accelerator Center  (SLAC)
3 Department of Physics, Stanford University

Bob Byer1

Bob Siemann2 Chris Sears2 Jim Spencer2

Tomas Plettner1 Eric Colby2

Ben Cowan2

•Chris McGuinness2

•Melissa Lincoln2

•Patrick Lu1

•Mark Kasevich3

•Peter Hommelhoff3

•Catherine Kealhofer3

Atomic Physics collaboration

New students
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The LEAP experiment

 (Laser Electron Accelerator Project)
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Tomas Plettner and LEAP Accelerator Cell

The key was to operate the cell above

 

damage threshold to generate
energy modulation in excess of the noise level.
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• confirmation of the Lawson-Woodward Theorem

• observation of the linear dependence of energy gain 
with laser electric field

• observation of the expected polarization dependence

E dzz
−∞

+∞

∫ = 0

ΔU Elaser∝

E Ez laser∝ cosρ

laser-driven 
linear 

acceleration in 
vacuum

We accelerated electrons with visible light

 Phys Rev Letts Sept 2005
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Ben Cowan –

 

detailed calculations of 
Photonic Crystal Accelerator Structures
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Hollow core PBG fibers 3-D photonic bandgap structures

B. M. Cowan, Phys. Rev. ST Accel. Beams , 6, 101301 (2003).X.E. Lin, Phys. Rev. ST Accel. Beams 4, 051301 (2001) 

Z. Zhang et al. Phys. Rev. ST AB 8, 071302 (2005)

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

xy
z

laser
beam

cylindrical 
lensvacuum 

channel

electron 
beam

cylindrical 
lens

top view

λ/2

λ

top view

λ/2

λ

Periodic phase modulation structures

T. Plettner et al, Phys. Rev. ST Accel. Beams 4, 051301 (2006) 

Goal: Invent and Test Dielectric Accelerator Microstructures
KEY:  Impedance match field to electrons using Photonic Xtal structures

Planar waveguide structures

http://tesla.desy.de/%7Erasmus/media/pbg fiber accelerator/Photos/slides/end of fiber.html
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60 MeV
10 pC
~ 1psec

λ

 

= 800 nm
U ~ ½ mJ/pulse
τ

 

~ 200 fsec
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<500 attosecond electron compression in Inverse FEL<500 attosecond electron compression in Inverse FEL
(Chris. M. Sears, PhD thesis SLAC June 2008)
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• IFEL modulates energy spread
• electron drift creates optical bunches
• second accelerator net acceleration

Experiment 
features

We have achieved net acceleration of electrons with attosecond phase control
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Professor Robert Siemann and Chris Sears

 
June 15, 2008 –

 

Stanford Graduation Ceremonies
Byer
Group
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Envisioned 1km long laser-driven TeV scale accelerator

127

Optical Injector
• optical cycle e- bunch
• ~104 electrons/bunch
• ultra low emittance
• laser-driven field emitters Pre-accelerator

• nonrelativistic
• preserve emittance
• compress bunch

Accelerator sections
• relativistic
• preserve emittance
• periodic focusing
• alignment and stabilization

Electron beam
• 1 fC/bunch
• sub μm spot size
• ~1010 bunches/sec

Initial focus of our research 
• success of proof-of-principle exp.
• research on dielectric structures

~

Collider area
• sub-A  spots
• multi-MHz rep-rate

Oscillator laser
• ultrastable clock
• attosec stability
• low power

Oscillator-Amplifier lasers
• phase-locked to the clock
• attosec stability
• possible NIR wavelengths: 

• 1.03  Yb, 1.06 Nd
• 1.55  Er
• 1.9   Tm, Ho
• 2.3   Cr

• diode-pumped: >30% efficiency
• 100fsec-1 psec durations

Order-of-magnitude power estimate
• 1 fC x 1010 x 1 TeV     107 W e-beam
• 20% coupling             2x107 W optical power
• 50% wallplug laser     108 W electricity 

100 MW electricity

fsec field emitters

P. Hommelhoff et al

LIGO vibration isolation in 
ES3 at Stanford

block-diagram
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2.  Low bunch charge
problem

• Take advantage of high laser
repetition rate

• Multiple accelerator array architecture  

Laser pulse structure that leads to high electron bunch repetition rate

10  laser pulses
per laser pulse

train

104 laser pulse trains per second

laser pulselaser pulse train

laser pulse

optical cycle

electron bunch

10  laser pulses
per laser pulse

train

104 laser pulse trains per second

laser pulselaser pulse train

laser pulse

optical cycle

electron bunch
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Dramatic increase of •electric field cycle frequency ~1014 Hz
•macro pulse repetition rate  ~1GHz

Laser beam parameters for TeV scale accelerator

 
1 GeV/meter –

 

1 kilometer accelerator –

 

10MW laser power

Requires 10kW/meter or 10MW/km

 

and ~30% efficiency Laser Source!
(~ 10 microjoules in 100fsec per micropulse)
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