John Dudley @johnmdudley
Dec 6, 2021 - 44 tweets - johnmdudley/status/1467761727525822467

To kick off the week, here is an updated (and long!) thread
on the history of nonlinear optics. First a real surprise! The
explicit use of the terminology “nonlinear optics” can be
traced back to Erwin Schrodinger in 1942. Yes you read
that right. Schrodinger himself!

Proceedings of the Royal Irish Academy.

NON-LINEAR OPTICS,

By ERWIN SCHRODINGER.
1. Report on method followed and results obtained.

[From the Dublin Institute for Advanced Studies.]
[Read Jaxvary 26, Published Juxe 24, 1942)
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This paper is to be the first of a series in which the non-inear electro-
mamics, proposed by Born about seven years ago; and developed by
Born and Infeld? and others, is to be resumed with the hope that it might
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Although this paper isn’t really what we would describe today as non-linear optics.
Rather it describes “vacuum light-light scattering” or nonlinear QED. But the
wording Schrodinger used definitely sounds familiar! It builds on earlier work by

Born, Infeld, Euler.

The next section will show that three waves do produce a fourt‘h one
classically, provided that between the three propagation vectors a cerlain
condition is at least approximately fulfilled

But if v, — v, is
small—which means that a fourth wave is possible, together with which
the three given waves very nearly fulfil what in quantum-theory is called

the conservation of energy and momentum

It is significant that in the approximate formulae (obtained from (5, 3)
just by omitting a dash)
Mo+ vy = vy oy
Bt b=tk
the »’s can have either sign and that the directions of propagahon are
indicated not by the f, but by the »;f/|].

(,12)

M. Born. On the quantum theory of the electromagnetic field Proc. R. Soc. Lond. A143 410437 (1934)
M. Born & L. Infeld. Foundations of the new field theory. Proc. R. Soc. Lond. Al144 425451 (1934)
H. Euler. Uber die Streuung von Licht an Licht nach der Diracschen Theorie. Ann. Phys. 418 398-448 (1936)
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It seems that what Schrodinger and the others were describing was finally observed
in 2019 at @CERN @ATLASexperiment Can @jonmbutterworth confirm ?

ATLAS observes light scattering off light

New result studies photons interacting at high energies
17 March 2019 | By ATLAS Collaborati

PHYSICAL REVIEW LETTERS 123, 052001 (2019)

Observation of Light-by-Light Sc
with the

in Ultraperipheral Pb-+ Pb Collisions
S Detector
a

(aTLAS
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Thanks to Dr George Nemes & Prof Svetlana Lukishova for highlighting this early
work to the optics community! In fact George Nemes wrote to @OPNmagazine in
2010 after @jeffhecht wrote his great historical article for the 50th laser anniversary.

https://www.optica-

opn.org/home/articles/volume_22/issue_4/departments/letters/letters/

OPN Optics & Photonics News

How the Laser
Launched

Nonlinear Optics

It was a great pleasure
to read Jeff Heche's
interesting historical
article, “How the Laser
Launched Nonlincar
Oprics” (OPN Nov.
2010). It recalled for
me my carly atcempts
to understand and
organize the field of
nonlinear optics as a
young rescarcher by “deciphering”
its basics and tracking ies history. I
did this in Romania during the late
1960s, and my cfforts resulted in the
first Romanian book on nonlincar
optics (Introduction to Nonlinear
Oprics, Romanian Academy Publish-
ers, Bucharest).

I would like to make two com-
ments: one addition and one correc-
tion to Hecht’s paper. The addition
refers to the section on the roots of
nonlincar optics, and more specifically
to when the term “nonlincar optics”
was first introduced. The paper
mentions thar the Soviet scienist

April 2041 | 5

Vavilov introduced the term in 1944.

‘This mighe be very well true for an
experimental nonlinear optical effect.
However, in 1942 and 1943, Erwin
Schradinger published two theoretical
papers in which the name “nonlincar
optics” is explicicly used in the title
(Proc. Royal Irish Academy 47 A,
77-117, 1942 and Proc. Royal Irish
Academy 49 A, 59-66, 1943).

The correction is related to the
section on Soviet rescarch and optical
parametric oscillacors. Hecht states that
the Soviets made their first OPO using
aKTP (KTiOPO,, porassium titanyl
phosphate) nonlinear crystal. I believe
this is a printing error, and the crystal

was almost surely KDP (KH,PO,,
potassium dihydrogen phosphate). The
KTP crystal became available much
later, in the late 19705 and carly 19805,
while the KDP crystal was among the
most popular nonlinear crystals in the
19605 and afterwards.

Thanks for allowing me to make
these comments. [ continue to enjoy
historical articles on optical subjects
published in OPN and also to follow

the fas

ating evolution of the optics
and laser field today.
George Nemes

Santa Clara, Calif.,, US.A.

gnemes@astigmat-us.com
THE AUTHOR RESPONDS: | want to
thank George Nemes for tracing the
term “nonlincar optics” back further
than I was able to. I also want to express

my gratitude to him for spotting my
g that the carly Russian
nade with KTP. When

n early English-language

review of Russian parametric oscillator
rescarch, it listed KDP as che material
used in the carly Russian work (A.G.
Akmanov et al. IEEE J. Quantum
Electron. QE-4, 11, 828, 1968). My
apologies for the mistake.
Jeff Hecht
Auburndale, Mass., U.S.A.
jeff@jeffhecht.com
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(Aside: I just met George Nemes this month - so I thought! In an absolutely crazy
coincidence, as a student in 1991, I had attended the @ictpnews Winter College on

Ultrafast Phenomena at the same time as him and we are about 1 m apart in the
group photo.)

As a general question, how well-known are the early days of nonlinear optics? How
far back does it go? For example, there are many effects considered part of nonlinear
optics today that pre-date the laser. A non-exhaustive list could include some of these
19th century precursors.

% IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6, NO. 6, NOVEMBERDECEMBER 2000

Nonlinear Optics: Past, Present, and Future

Nicolaas Bloembergen

B. Quadratic Kerr Electrooptic Effect

In 1875, Kerr showed [1] that birefringence could be induced
in optically isotropic media, such as glasses and liquids, by the TuE
application of a de eleetric field. He showed that the birefrin- LONDOX, EDINBURGH, axo DUBLIN
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We could also include the Raman effect and Goeppert-Mayer's theory of Two Photon
Absorption. Note that there was controversy about the award of the 1930 Nobel Prize
only to Raman because Mandelstam & Landsberg had seen the same effect one week
earlier in 1928!

NATURE - VOL 343 - 22 FEBRUARY 1990

CORRESPONDENCE Tver mit zwei 7
— Yon Maria Géppert-Mayer
(Gattinger Dissortation)

Priority and the Raman effect Jp—

Einleitung.
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A decisive factor in the @NobelPrize award seems to be Raman's nomination by
major physicists & former laureates from around the world. Mandelstam and
Landsberg had support from a much more limited community! You can read more
about this in the article by Singh & Reiss.

THE
NOBEL
PRIZE

Notes Rec.R.Soc. Lond. 5 (2),267-283 (2001) ©2001 The Royal Society

P Z % ‘THE 1930 NOBEL PRIZE FOR PHYSICS: A CLOSE DECISION?
Nomination archive
by
RAINDER Sixait AxD FALK Ritss
Sir Chandrasekhara V Raman Department of Higher Education and History of Science, Faculty of Physics,
University of Oldenburg, PO Bax 2503, D-26111 Oldenburg, Germany

Nominee in 12 nominations:
Raman’s example shows that to be nominated for the Nobel Prize, contacts with

929 by Charies abry Leonid Mandelshtam renowned scientiss play a decisive role. Raman’s nomination by the renowned
— Toinies ki nosbinatione: i Nobel laureates like Rutherford, Bohr and Stark his case,
5 whereas the prospects of Landsberg and Mandelstam (who were nominated by their
oas Regrin 30 by Orest Khvol“son own countrymen only) were poor.
30 by Nikolay Papaleksi In the field of research, the credit of discovery goes to the person who publishes

his resuls first. The argumentation of the Nobel Committee to decide in favour of
4 " Raman was based on this principle.

Grigoriy S Landsberg The Nobel Committee was of the opinion that Raman established the universal
character of the effect by investigating a large number of solids and liquids. The
Russian scientists were not supposed to have obtained their experimental results
o Physics 1030 by Orest Khvol “son independently, mainly because they cited from Raman’s papers in their publications.

Nominee in 1 nomination:

« Physics 1030 by Charles Wilson

Aside from these earlier studies, many sources trace the first experiments in
nonlinear optics as we understand it today to 1941. Indeed, the seminal text by
@BoydNLOLab cites the experiments of Gilbert Lewis in 1941.

Fourth Edition

1.1 Introduction to Nonlinear Optics

nena that occur

Nonlinear optics is the study of pher

a consequence of the modific

modify the optical propert
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induced polarization depends linearly on the electric field strength in a manner that can often

be described by the relationship
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It should be noted. however. that some nonlinear cffects were discovered prior o the advent of the laser. The
Saturation effects

reporied by G. N, Lewis etal. (1941)

Robert W. Boyd
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This book from 2019 gives a more detailed history, with Prof Lukishova pointing out
not only the experiments of Gilbert Lewis (1941) but the much earlier work of Sergei
Ivanovich Vavilov and V.L. Levshin (1926), including commentary and reprints of

original papers.

Springer Seriesin Optical Sciences

Chapter 14

‘The First Nonlinear Opt
of 1926, Measuring Sens
Threshold of the Hum
Light (1933) and Stat
of Feeble-Light Interference
by the Human Eye (Sergei
Vavilov)

Robert W. Boyd
Svetlana G. Lukishova
Victor N. Zadkov Editors

Quantum Photonics:
Pioneering Advances

Svetlana G. Lukishova

and Emerging

Ivanovich

Chapter 15
Nonlinear Optical Experiment of 1941

Xperiment
SR (Gilbert Newton Lewis)

to Feeble

Svetlana G, Lukishova

ical Structure

Applications

The experiment of Vavilov was described by Akhmanov during his 1985 review
lecture on the history of nonlinear optics at Moscow State University for the XII
ICONO Conference. Akhmanov’s figure was reproduced in a 2006 paper by Nikolay

Zheludev @orctweets

v A et Op B G058
REVIEW ARTICLE

| R

Single particle as p
optical memory element*

Nikolay I Zheludey

Figure 2. Facsimile of the transparency prepared by S A
Akhmanov (1929-1991) for a review lecture on the history of
nonlinear optics in Moscow State University for the XII
International Conference on Coherent and Nonlinear Optics,
Moscow, 1985. Notes are in Russian. The header translates as
follows: Nonlinear spectroscopy (S I Wawilow. V'S Fursov —
1930) *Changing the refractive index of uranile crystals under
intense light’. The header is followed by a sketch of a
nonlinear interferometer where the nonlinear medium and
intense spark light source are indicated. The subtitle tells that
the interference fringes were photographed.
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Sergey Ivanovich Vavilov (1891-1951) was a giant of physics. His 1926 contributions

to nonlinear optics were actually pointed out in @physicstoday in 1996.

Contributions to
20th-century Physics

What Yuri Nikolaievitch and his
colleague omitted to say, but may be
of interest to your readers, is that Ser-
gei Vavilov was probably the first sci-
entist to observe a nonlinear optic ef-
fect. In 1926, with Vadim L. Levshin,
he found a reduction in the absorp-
tion of light by uranium glass with
an increase of intensity of 454 nm
light from a high-intensity spark
source." And it was Vavilov who intro-
duced the term “nonlinear optics™ into
the literature, in a passage in his
1950 book Mikrostruktura sveta (“The

Microstructure of Light™.

120 SEPTEMBER 1996  PHYSICS TODAY
More on Vavilov’s References
Vavilov, V. L. Levshin, Z. Phys. 35,

Brown, E. R. Pike, in Twentieth
Century Physics, B. Pippard, A. Pais, L.
Brown, eds., Bristol (England/Boston,
Institute of Physics/American Institute
( cs (1995), p. 1385,

ov, Dok. Akad. Nauk SSR 11,

>

erenkov, Dok. Akad. Nauk SSR
11, 451 (1934)
Usp. fiz. nauk 111, 702 (1973); 114, 533

o

974).

5. Sov. Phys. Usp. 16, 702 (1974); 17, 950
(1975).

Roy PIKE

University of London

London, England

ROBERT G. W. BROWN

University of Nottingham

Nottingham, England

Sharp Laboratories of Europe Ltd

Oxford, England
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Vavilov used the term "nonlinear optics" in his 1950 book (translated in German in
1954) & was co-discoverer of Cherenkov radiation (Vavilov-Cherenkov radiation in
Russia). But he died before seeing maser/laser oscillation and before the 1958 Nobel
Prize for Cherenkov radiation.
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S.1. Vavilov, V. L. Levshin, Z. Phys. 35 920 (1926)
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Brown & Pike give the translation of how he introduced nonlinear optics in a chapter
in the wonderful book Twentieth Century Physics (Eds Brown, Abraham Pais, A. B.
Pippard 1995). But we know now that Schréodinger had used the term even earlier!

Chapter 18—
A History of Optical and Optoelectronic Physics in the Twentieth Century

' RG W Brown and ER Pike

Vavilov himself introduced the term 'non-linear optics'. In his book, Mikrostructura
Sveta (1950), he wrote (translated from the Russian for the authors by Pavel
‘\ ‘ Komilovitch of King's College London)

Non-linearity of the medium will be observed not only in absorption.
Absorption is related to dispersion, therefore the speed of light in the
TWENTIETH GENTURY PHYSICS medium also depends on the light intensity ...

An astrophysicist very often is faced with 'non-linear optics' of the medium
in his theoretical considerations of conditions inside stars. Because of the
enormous density of light at temperatures of millions of degrees, the
absorption coefficient and the speed of light must depend on the light
intensity very sharply. However, as mentioned above, large violations of
superposition and non-linearities could occur even in an optics laboratory,

specially in the study of media. It seems that the physical
sciences are so accustomed to the linearity of everyday optics that until now
no rigorous and formal mathematical apparatus has been developed for
solving any 'non-linear' optical problems.

By the way, after Vavilov’s book appeared in 1950, monographs on nonlinear optics
appeared in 1964 by Akhmanov & Khokhlov, and 1965 by Bloembergen. These are the
first dedicated volumes on the subject as far as I know. Please reply (add screenshots)
if you know of others.

FOREIGN TECHNOLOGY DIVISION
PROBLEMS IN NONLINEAR OPTICS (SELECTED CHAPTERS)
By: S. A. Akhmanov and R. V. Khokhlov

AD702140

English pages: 170

SOURCE: Problemy: Nelineynoy Optiki. 1964, pp.
79-144, 197-254, 283-295.

This document. 1s a Mark II:machine aided translation,
post-edited for technical accuracy by: ~Robert D. Hill.
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George Nemes also wrote one of the first books on nonlinear optics in 1972. Although
published in Romanian, it was included in the New Books section of @PhysicsToday
in Feb 1973. Nice ad for photodetectors as well.

5>E NEMES

PHYSICS TODAY / FEBRUARY 1973 59

new books

Conference Proceedings

Gerad P. Kuiper, Elzabeth

University of Aizons, Tucaon, 1
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Optics

Introducere in Optica Neliniara. George
Nemes. 327 pp. Editura Academiei
Republicii Socialiste, R ia, 1972.
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Other early books on nonlinear optics include Butcher (1965), Baldwin (1969), and
Zernike & Midwinter (1973). John Midwinter sadly passed away only very recently:

T Polina Bayvel y
' @bayvel_p

Very sad to share the devastating news that our former
Head of Department @ucleeenews and the true fibre-
optics pioneer, Prof John E Midwinter FRS FREng, passed
away. He led the research at BT enabling it to be the first
in the world to introduce optical fibre into its network.
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George C BALOVIN 0%

AN INTRODUCTION TO <L

NONLINEAR OPTICS Applled Nonlinear Optics

F. Zernike, J. E. Midwinter
199 pp. Wiley, New York, 1973. $14.95

This book has been written for physi-
cists and engineers who are interested
in device applications of nonlinear op-
tics. Appropriately enough, the au-
thors do not undertake to cover the
whole field of nonlinear optics, but re-
strict themselves to quadratic electronic
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Self-focusing was of interest all around the world. Another early book was published
in India in 1974. It was reviewed by Scottish soliton pioneer Willie Firth!
(@physicsscotland (There is in fact a separate thread on early books on nonlinear
optics just waiting to be written!)

OPTICS AND LASER TECHNOLOGY . JUNE 1976
The book is rounded off with eight appendices and an

enormous bibliography, useful because it covers literature
from East and West Europe, and America.
Laser experimentalists would probably find the book too

indigestible as an introduction to the subject, but those of
theoretical bent with a reasonable grasp of the basic physics
may well find the book useful, bearing in mind the
excellent bibliography.

n —— . Finally, the Indian subsidiary of McGraw-Hill are to be
Self-focusing of laser beams in dielectrics, plasmas g o i “; book which s ty 11
and semiconductors excellent, hard bound and well laid out, all at a price which

would hardly buy a single edition of a journal. At £2.80

" : the book must be recommended to anyone with more than
M. S. Sodha, A. K. Ghatak, V. K. Tripathi 2 passing Intareet tn the Geld, 4

Tata McGraw-Hill, New Delhi, 1974 pp 149, £2.80

W. J. Firth

A later 1984 book on nonlinear optics by Yuen-Ron Shen has become a classic. Its
Introduction is legendary! Linearity beautifies, nonlinearity brings excitement and
rejuvenation. Sounds about right to me!

The Principles of

NONLINEAR

0 p T l ( S Physics would be dull and life most unfulfilling if all physical phenomena
around us were linear, Fortunately, we are living in a nonlinear world. While

linearization beautifies physics, nonlinearity ptowdes excncmcn in physK:s.
This book is devoted to the study of nonli

the optical region which lly occur with high-i ity laser beams
Nonlinear cffects in clecmcnty and magnetlsm have becn known since Maxwell's
time. of in a fer electrical gas discharge,

rectification of radio wavm and electrical characteristics of p—n junctions are
just a few of the familiar examples. In the optical region, however, nonlinear
optics became a subject of great common interest only after the laser was
invented. It has since ibuted a great deal to the rejuvenation of the oid

science of optics.

Going back in time again, a 1964 popular science article in Scientific American has
become a remarkable work of major historical importance. Specifically, it describes
the original second harmonic experiments of Franken et al. in some detail.

© 1964 SCIENTIFIC AMERICAN, INC

The Interaction ()I'Lighl with Light

by I. A. Giordmaine

e e o 19611t e Daien
ter A. Franken, Allen E. H
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Remember the story about the 1961 Franken @PhysRevLett paper? The spectroscopic
signature of the ruby laser second harmonic was edited out as a speck of dust!
However, the Giordmaine paper from 1964 saved these results and showed the
original plates!

1961

VoLuMme 7, NUMBER 4 PHYSICAL REVIEW LETTERS August 15, 1961

GENERATION OF OPTICAL HARMONICS®
P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich

The Harrison M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan
(Received July 21, 1961)

O P 0 O 0 P P S RN RN RY T, AT A Y A T
In the experiments we have used a commerci-
ally available ruby optical maser® which produces

approximately 3 joules of 6943A light in a one-
millisecond pulse.

So here we go! Remarkable! We finally see Franken’s evidence for second harmonic
generation! And it’s easy to see why it was missed as a speck of dust. Maybe it’s just
me but I absolutely love the fact that we can finally see this SHG spot which has been
missing for so long!

FIRST PHOTOGRAPHS of second-harmonic ultraviolet light were
made by Franken and his associates. In each case the amount of
ultraviolet (small spots at 3471.5 angstroms) is roughly propor-
tional to the square of the amount of red light at 6,943 angstroms.

Giordmaine also wrote a great paper in @PhysicsToday in 1969 with fantastic colour
pictures such as this early OPO. Clearly the adjustment knobs were cooler in those

days! I think we still have one of those 1960s elevating jacks in our lab.

NONLINEAR OPTICS PHYSICS TODAY + JANUARY 1969 « 39

J. A. GIORDMAINE

CONTINUOUS
Labs by Smith, G

0.53 micron is ge
Nd:YAG laser at right.
oscillator resonator at left. Continuou

photograph, emerges at left. Nonlinear polarizability mixes pump and signal light.
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A great overview of post-laser Western & USSR-era nonlinear optics was given by
@jeffhecht in @OPNmagazine

How the Laser Launched Nonlinear Optics

If the laser was a solution, nonlinear optics was one of the problems it was seeking.
Intense pulses of coherent, monochromatic light were just what was needed to
produce nonlinear effects. Once phys...

The article includes the photo of the first "self-trapping" experiment that kicked off
the study of spatial solitons.

OPN Optics & Photonics News November 2010 |
How the Laser Launched
\Nonlinear Optics

Jeff Hecht
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But Hercher’s photos of these laser damage tracks were not actually published at the
time! His abstract in JOSAB Vol. 54, 563, 1964 was text only. The images only
appeared in print 45 years later in the 2009 edited volume by @BoydNLOLab & Profs
Lukishova & Shen.

Robert W, Boyd- vetlana 6 Lukishova Laser Induced Damage in Transparent Media
Y.R.Shen Editors Michael Hercher
Institute of Optic

Roches

v of Rochester

This paper was presented at the Spring Meeting of the Optical
Society of America in Washington, D.C., 1964

Self-focusing:

Past and Present

Fundamentals and Prospects

Chiao, Garmire and Townes published the theory of spatial solitons in October 1964,
which included what many believe to be the first statement of the cubic NLSE in

optics and the sech-soliton solution. This paper had only one reference (to Hercher)!

In the case where £, depends only on y, and

Vouums 13, Nusars 15 PHYSICAL REVIEW LETTERS 12 Ocronsn 1966

under the assumption of linear polarization,

SELF-TRAPPING OF OPTICAL BEAMS*

Y. Chiao, E.

R jarmir
Massachusetts Institte of T

and C. H. Townes

®

We shall discuss here conditions under which
an electromagnetic beam can produce its own
dielectric waveguide and propagate without spread-
ing. This may occur in materials whose dielec-
tric constant increases with field intensity, but

which are quite homogeneous in the absence of
the electromagnetic wave. Such self-trapping in
dielectric waveguide modes appears to be possi-
ble in intense laser beams, and to produce
marked optical and physical effects.

‘The most striking present experimental evi-
dence for trapped optical beams are the extreme-
ly thin, long streaks of ionization spots and dam-
age which sometimes occur in optical materials
in which an intense laser beam is focused. These
were first reported by Hercher® as thin threads
of damage in glass and other materials, and are
fairly easily demonstrated in glass by focusing
a ruby-laser beam greater than a few megawatts

LoE-TE () R0, )
If £, represents a slab-shaped beam, confined

in the y direction, the boundary conditions are
E(y)~0asy-=and dE/dy =0 aty =0. This ex-
cludes periodic solutions, so that [?>0. A me-
chanical analog of (5) is a particle in a double-
well quartic potential-energy function. It is im-
mediate from consideration of this analog that
there is a unique solution which is not oscillatory,
namely (0)/coshly, where I' must equal
d€5"/%E(0). Note that, given a certain size of
the beam (~1/I), the field inside the beam must
attain a value E(0) for trapping.

*Work supported in part by the National Aeronautics
and Space Administration under Research Grant No.
NsG-330, and in part by the U. S. Air Force Cam-
bridge Research Laboratories, Office of Aerospace
Research, under Contract No. AF19(628)-4011.

M. Hercher, J. Opt. Soc. Am. 54, 563 (1964).

But was it the first? In June 1965 Townes published a correction, acknowledging
earlier work by Askarjan and Talanov. Reprints of these hard to find early papers are

in the edited volume by @BoydNLOLab & Profs Lukishova & Shen.

Vovuse 14, Nussin 25 PHYSICAL REVIEW LETTERS

21 June 1965

ERRATA

SELF-TRAPPING OF OPTICAL BEAMS. R. Y. lindrical beam.
Chiao, E. Garmire, and C. H. Townes [Phys.

Rev. Letters 13, 479 (1964)].

We would like to thank Dr. G. A. Askarjan for
polnting out some prior work on beam trapping

in the Soviet Union. He notes that, ~The possi-
“Bility of sell-trapping of an optical beam in a
medium and a radio beam in a plasma due to the
striction, thermal, and fonizing action of a power-
ful beam was stated in our article.! The article
by Talanof® is also dedicated to this subject.”

‘Talanof has worked out the case of a slab-
shaped beam in a plasma, but his expressions
can be rather simply applied to electrostriction
as well, and are equivalent to ours for the slab-
shaped beam.

‘The conclusion in our Letter that, in the ap-
proximation of geometric optics, the focal point
developes into a line in a nonlinear material Is
incorrect, as polnted out to us by Professor
L. W. Anderson. However, this does not affect
the validity of the solution for trapping of a ey~

(age2).

RaTIOTIE T, N6, (1964).

1G. A. Askarjan, Zh. Eksperim. i T
Famslation: Soviet Phys.

*W. 1, Talanof, Lzv. Vysshikh Uchebn, Zavedenil,

More history & reprints

Robert W. Boy
YR.Shen £

na G. Lukishova

12,
161

Self-focusing:

Past and Present

Fundamentals and Prospects

&) Springer
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Here are those two early papers!

VOLUME 15, NUMBER ¢ DECEMBER, 1962 Izvestia Vuzov, Radiofizia (Radiophysics and Quantum Electronics)

volume 7, number 3, pages 564-565, 1964 (in Russian)

SOVIET PHYSICS JETP

EFFECTS OF THE GRADIENT OF A STRONG ELECTROMAGNETIC BEAM ON On self-f ing of waves
[ELECTRONS AND ATOMS in nonlinear media
. A ASKAR'YAN
P. . Lebedev Physics Iasttae, Academmy of Sclences, US SR V.1 Talanov
Submitied to JETP editor Docember 22, 1981
(Received 25 February 1963)
3. Expul. Theoret. Phys. (US.S.R) 42, 15671570 Gune, 1962)
o shows it h v shooguety of g lecromugo b can x|
* siong it o h koo o st of ot T, | he ey aced
e eqemeay o€ 1o clooeen soelltivae (1n s losme v s hama ), bt Slbevns
i . -, cles
s wi b e d: &) svhressnimoe krwpicasios. dhe purth As is well known [1], the effect of a high-power, high-frequency field on a plasma

will bo palled in, the force being espoctally large at resonancy
ses redistribution of the densities of electrons and ions depending on the field

amplitude. In its turn, this effect can lead to self-focusing of electromagnetic waves|
[2]. Such behavior i illustrated below in the example of an isothermal equilibrium|
hydrogen plasma’ in a monochromatic field with frequency . In the steady state,

the stroag thermal onising and separatiag eflects of the ray ou e me-
of

5o boem {oti-doousng). : o oted et hellow ot e llv‘ rise to directional flow and
St of the Plan tranaport asd oreation of pasma cur-
. The easibies st sovel i s Mkt s slshreas

Toted b e inicutod,

dispersion) depends on the field intensity £ as follows [3]:

£ = ol - ¢* exp= [EF)),

In December 1966, Akhmanov, Sukhorukov and Khokhlov published further
independent theoretical studies studying the cubic NLSE, showing the extensive work
carried out in the USSR.

SOVIET PHYSICS JETP VOLUME 23, NUMBER & DECEMBER 1066 KA+ AL g )

ap
qmlAl
™

SELF-FOCUSING AND SELF-TRAPPING OF INTENSE LIGHT BEAMS IN A
NONLINEAR MEDIUM
5. A. AKHMANOY, A. P. SUKHORUKOY, and R. V. KHOKHLOV
Moscow State University
Submitted to JETP editor December 14, 1965
3. Exptl. Theoret. Phys. (U.S.S.R.) 50, 1537-1549 (June, 1966)

"R, von Mises, Notes on the Mathematical The-

TG, A. Askar’yan, JETP 42, 1567 (1962), Soviet
Phys. JETP 15, 1088 (1962).

#V. L Talanov, Izv. Vuzov, Radiofizika 7, 564
(1934).

*R. Y. Chiao, E. Garmire, and C. Townes, Phys.
Rev. Lett. 13, 479 (1964) (erratum, Phys. Rev.
Lett. 14, 1056 (1965)).

4L. V. Keldysh, Report to the Session of the
Department of General and Applied Physics of the
U.S.S.R. Academy of Sciences, 1964.

R. V. Khoklov, Self-focusing and Self-trapping
of Powerful Light Beams. Report to the Symposium
on Nonlsenr Optios, Miask, 4-11 July, 1965,

rn. Prikl, spetroskopil 2, August (1965). A. P.
Sukborukov, Summaries of & Report to the Seminar
of the First All-union Summer School on Wave
Diffraction, Palanga Litovskol SSR, May-June,

5.

*V. L Talanov, JETP Letters 2, 218 (1965),
transl. p. 138.
5. J. McClung, M. J. Wagner, and D. Walner,

ory of Compressible Fluid Flow, Hurvard, 1949
(Russ. Transl., L, 1961).
g ova, G.
Gorbankov, and N. B. Delone, JETP 4, 356 .m’)
Soviet Phys. .v:-rp 28,0 1ow].
s, A. Akhmanov, A. P. Sukhorukov, and R,
Kokblov, JETP 61, 206 (1960), tansl. In pre
emand snd N. Blocmborgen, Phye. Rer.
Lett. 16, 1010 (1965).
. Garmire, R. Y. Chiao, and C. Townes, Phys.

S. Voronov, V.

Rev. Latt. 14, 341 1369,
1"Ya, B. Zel'dovich, Yu. P. Raizer, JETP Let-
ters 3, 137 (1966), transl. p. 86.

*B. Zel'dovich, UFN 87, 169 (1965), Soviet Phys.
Uspekhi 8, 720 (1966

#5. A, Akhmanov and R, V. Khokhlov, Problemy
nelinefnol optiki, (Problems in Nonlinear Optics), N
1964; see also S. A. Akhmanov and V. G. Dmitriev,
Radiotekhnika 1 élektronika 8, 1428 (1963).

TN. F. Pilipetskil and A. R. Rustamov, JETP
Letters 2, 85 (1965), transl. p. 5.

Physics of Quantum Electronics Cont.,
Rico, June, 1965, McGraw-Hill Co., New York,

khmanov, A. P. Sukborukov, and R, V.
Khokhlov, JETP 50, 474 (1966), Soviet Phys. JETP
23, 316 (1966).

Experimental interest was evident and confirmation took place around the world.
Self-focusing in liquids was reported by Pilipetskii & Rustamov (published 25 July
1965) and Hauchecorne & Mayer in France (published 15 November 1965).

JETP Letters 2, 55-56 (1965) C.R. Acad. Sc. Paris, t. 261 (15 novembre 1965). Groupe 6.

0BSERVATION OF SELF-FOCUSING OF LIGHT IN LINUIDS

4014

PHYSIQUE MOLECULAIRE. — Effets de Uanisotropie moléculaire sur la propa-
gation d'une lumiére intense. Note (*) de MM. Giénano Haveunconse et

N. F. Pilipetskii and A. R. Rustamov Gur Mavsn, présentée par M. Maurice Ponte.

Moscow State University

Nous décrivons ici des expériences qui révélent qu'une partie de l'énergie
Sikiwitt9;3) Vayi1%65 d'un faisceau lumineux intense, initialoment paralldle, se concentre sponta-
nément. par endroit et par instant & la traversée de certains liquides.

In 1962 G. A, Askaryan considered one of the fmsortant probless nvolved in the effact n ¢ 4 ; 7
Ces concentrations avaient été prévues par Chiso, Garmire ot Townes (1),

of a bean of intense radiation on a medius, He has shown that intense radiation can lead to a
differential between the proverties of the medivm fnside and outside the beam. The lats

creates conditions suitable for wavequide propagation of the beam, thereby elininating the
eanetrical and iffractionsl diveraences. This interesting phenorencn was called by him self-
focusing of an electromaanetic bei

ourquoii des concentrations spontanées ? — Le « self-trapping » par
réflexion totale (*) dans les milioux o le carré E? du champ électrique,
agit suffisamment sur l'indice n, donne un modéle simple et sr.

a)

b)
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In the USA, the most well-known experiment was that from Bloembergen's group,
published in December 1965. Bloembergen cited Askarjan and Talanov, but he was

unaware of the earlier independent experiments in the Soviet Union and France. No
email in those days remember!

Vovume 15, Nusssn 26 PHYSICAL REVIEW LETTERS 27 Drcasnn 1965

Pages 1010-1012
SELF-FOCUSING OF LASER BEAMS AND STIMULATED RAMAN GAIN IN LIQUIDS*

Nicolaas Bloembergen (ieft) and
P. Lallemandt and N. Bloembergen graduate student Pierre Lallemand in

the nonlinear optics ab at Harvard.
Gordon McKay Laboratory, Harvard University, Cambridge, Massachusetts

(Received 19 November 1965)

"R. Y. Chiao, E. Garmire, and C. H. Townes, Phys.
Rev. Letters 13, 479 (1964).

8G. A. Askarjan, Zh. Eksperim i Teor. Fiz. 42, 1672
(1962) [translation: Soviet Phys.—JETP 15, 1161
(1962)]. W. I. Talanof, Izv. Vysshikh Uchebn. Zavede-
nii, Radiofizika 7, No. 3 (1964).

However we need to clarify some physics. Ideal NLSE spatial solitons are seen only
under specific conditions & Hercher’s damage tracks were actually caused by more
complex filamentation. But they still motivated the development of a whole new field!

IEEE JOURNAL ON SELECTED M ELECTRONICS, VOL 6.50.6,

Optical Spatial Solitons: Historical Perspectives

George 1. A. Stegeman, Member, IEEE. Demetrios N. Christodoulides, Member, IEEE. and Mordechai Segev

Self-focusing:

Invited Paper

42 AvcusT 1998 Prvsics TODAY

Past and Present SELF-TRAPPING OF OPTICAL
BEAMS: SPATIAL SOLITONS

I Beams of light, prevented from diverging
by nonlinear media, exhibit particle-like
behavior, as do waves in many other
nonlinear systems in nature.

Fundamentals and Prospects

Mordechai Segev and George Stegeman

Major contributions to self-focusing and self-trapping were made by Kelley & Haus.
An important point is that understanding filamentation requires a spatio-temporal

dynamical model. This was first suggested by Lugovoi & Prokhorov and Marburger &
Dawes.

PHYSICAL REVIEW LETTERS 27 Drcamnsn 1965 i e S

SELF-FOCUSING OF OPTICAL BEAMS A FOSSIBLE EXPLAVAFION OF THE SYALL-SCALE SELP-FOCUSTNG FILANENTS

Y. N. Lugovol and A, M. Froknorov
P. L. Kelley F. K. labedev Piysics Tnstitute, USSR Academy of Solences
Sibmitted 6 Decesber
Lincoln Laboratory,* Massachusetts Institute of Technology, Lexington, Massachusetts ZUETF Pla'ea T, Ro. 5, 153-155 (5 arch 1966)
(Beosived 31 Qokcher 1988) The so-called small-scale self-focusing filaments vere recently cbserved experisental-
1 (1-3). he extstence of these filasents is presently explained on the basis of the exiet-
ence of statiomary (self-mistatntng) soluticns of axwell's equations in n nonlinear medtum
(2,461, The difficuities encountered by such an explanation are noted in several papers (see,
.6y [1,3]). It seens to us that ancther explanation of this Phenomenon is gossible. This
APPLIED PHYSICS LETTERS 1 March 1966

HIGHER ORDER TRAPPED LIGHT BEAM SOLUTIONS*
Ooparemen of il Engiasring mi 3 PHYSICAL REVIEW LETTERS 19 Aucust 1968

DYNAMICAL FORMATION OF A SMALL-SCALE FILAMENT
J. H. Marburger* and E. Dawest
University of Southern California, Los Angeles, California 90007
(Received 25 August 1968)

We report  numerical analysis of the clectromagnetic wave equation with a saturable,
Intensity-dependent, refractive index. The solutions show the dynamical sel-focusing.
of an intense optical beam through the focus. The transverse intensity profile develops
 complex ringed structure, the central maximum of which has

many of the properties
of the small-scale filaments observed experimentally.
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Haus’s paper may be one of those early papers (like the more celebrated FPU case)
where a woman “computer” did the programming, but this wasn’t considered
deserving of being recognized as a co-author.

APPLIED PHYSICS LETTERS 1 March 1966
HIGHER ORDER TRAPPED LIGHT BEAM SOLUTIONS* 4
E
H.AHus e g
Department of Electrical Engineering and Research Laboratory of Elctronics :
(analog computer solution; T) Massachuseus Insitute o Technology
A Cambridge, Massachuseus N g
(Received 2 February 1966)
LR
In their classic paper, Chiao, Garmire, and  parameter I'(r* = I', where r is the radial coordi- (@
Townes' have shown that a light beam of finite  nate), which expresses the deviation of the longi-
radial extent can propagate in a nonlinear medium  tudinal propagation constant from the i
and preserve its cross section. The diffraction is  constant of an infinite parallel plane wave in the o0
counteracted by the increase in the dielectric con- linear medium, may be chosen at the outset. The J
stant produced by the high-intensity field. They solution is cylindrically symmetric. (The profile of 3
showed one beam profile which they obtained from  this solution with a single extremum is shown in o
a computer solution of the normalized equation  their Fig. 1) The power P carried by this solution €| i
for the normalized electric eld E*: is uniquely fixed, even though the diameter of the
beam is not. They have shown that
T 1 I v | SV
Cos 1 P=5.763 Neng @ o
il ? et T *

T s e
b)

The author gratefully acknowledges discussions
with Dr. P. L. Kelley, the help of Miss Martha M.
Pennell, who carried out the computations, and the
use of the Project MAC Computer facility.

Fig. 1. Computer solutions: (a) 1 and 2 rings; (b) 3 and 4
rings.

Back in the USSR, Akhmanov, Sukhorukov and Khokhlov published a long review
paper in 1967 and established the Russian school of nonlinear and coherent optics.

SOVIET PHYSICS

USPEKHI

A Transiation of Uspedi Fiicheshith Nouk

Viadimir A Makarov 2004 Phys.-Usp. 47 1059
Quantum electronics

and the R V Khokhlov—S A Akhmanov
school of coherent and nonlinear optics

at Moscow State University

SELF-FOCUSING AND DIFFRACTION OF LIGHT IN A NONLINEAR MEDIUN
Ve i ok 8, 1870 Geptember, 1967

3 universally recognized that R V
¥ s vy -
il nov are among the few founders of contemporary nonlincar
> a optics.

enmeial s
A i, Toaty:

i e
b e o et e o opebn

Figure 1.5 A Akhmanov and R V Khokhlov n the caly 19605

Ahkmanov, Khokhlov and Bloembergen became friends, with mutual visits between
the USA and Russia.

From Nico Bloembergen, Master of Light. Springer (2009)

In 1967 healso visited the Moscow State University and was received there by Rem
V. Khokhlov and Sergei A. Akhmanov who had just received the Lenin Prize for their
research. In the hall of the university there was a large mural, where Khohklov and
Akhmanow were depicted as young horsemen who tri overcame the fields
of non-lincar optics. Their research was in the same field as the work done by Bloem-
bergen’s group. Khohklov and Bloembergen had met at conferences and privately
on many occasions. Bloembergen had invited Khokhlov to his home in Lexington
after they had both attended a Gordon Research Conference in New Hampshire. In
1971 Bloembergen and Deli were guests in the Moscow apartment of Khokhlov and
his wife Lena. Khokhlov was appointed rector of the Moscow State University, the
highest educational position in the Soviet Union. Bloembergen also had a good rela-

tionship with Akhmanov. Akhmanov and his wife invited the Bloembergens to their

dacha outside Moscow in 1971. Akhmanov also came to the Bloembergens house
after participating in a Gordon Rescarch Conference.

In 1975, the E. Fermi Course 64 on Nonlinear Spectroscopy was held in Varenna.
Ttaly. Bloembergen was course leader and editor of the course reports, the Proceed-
ings. Akhmanov was one of the most important lecturers and brought vodka and
caviar from Moscow for the evening party. Blocmbergen sta
were not only enjoyable. but also an intense intellectual challenge. After the course,
Bloembergen was exhausted, so much so that he lacked the inspiration to give the
closing speech. Deli made a number of good suggestions, but none really inspired

Nico

Bloembergen

Master of Light

s that these encounters

ROB HERBER 4 Springer
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In 1967, Khokhlov & Akhmanov received the Lenin Prize, celebrated with a mural of
them on a horse upon an SHG crystal. This photo was provided by Profs Makharov &
Lukishova to @jeffhecht for his 2010 article.

Much early Russian work foreshadowed current areas of research that we are
exploiting on a daily basis e.g. mode-locking dynamics and the real-time dispersive
Fourier transform (“spectron”)

generation
S.A Akhmanov,V.A. Vyslouth, and A5, Crrkin
LT ———
Uisp Fie Nouk 14, 49-509 sty 1986)
1.4.9. “Spectron’; pulse shape in the far-zone

SOVIET PHYSICS JETP VOLUME 27, NUMBER §

NOVEMBER, 1968

DYNAMICS OF GENERATION OF A PULSED MODE-LOCKING LASER
V. 5. LETORNOV

P. N. Labeder Physics Instiste, US.S.R. Acaderny of Seiences.

Submitted November 13, 1967

Zh. Bisp. Teor. Fiz. 8, 1392-1401 (May, 1968)

The dynamics of generation of ultrashort pulses in a laser with mode-locking by external loss modulatio
and Q switching is considered theoretically. The approach is based on an analysis of the behavior of a

1ght pulse moving inside the resonator and varying its duration and intensity as a result of amplifica-

the locked modes, and during the second it broadens as a result of the dispersion of
the medium inside the resonator. The theory explains the results of a number of experiments and points
the way towards obtalning ultrashort light pulses of glant power using external loss modulation.

Letus analyze the propagation of PM pulsesin a disper-
sive medium for arbitrary initial shape of the profile po()_

"At the output of a frequency-modulating device a pulse.
has the form

Ag(8) = po (1) e-taur, 13n

order approximation of dispersion theory is described by
the expression (1.12). In this case, at a distance z= F
= (@ok,) ™" we obtain

A, 2) = (4-2mkye) T (@gran) e, (1.38)
Bolaston = § po () e-iemiar. (1.39)
From the obtained result it s possible to draw the following
conclusions about the pulse in the “focal” plane of the

“time” lens. The pulse shape s exactly the same as the Four-

fer-spectrum of the initial pulse."~° Such pulses are called
“spectrons. ™" The profile of pulses turns out {0 be sym-

See also Tomasz Jannson Optics Letters 7 232 (1983)
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A memorial plaque to S.A. Akhmanov is now in the hall of the Nonlinear Optics
Building of Moscow State University, made by the sculptor L.E. Kerbel and installed

in 1994.
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To learn even more about the many Russian contributions to the early maser and
laser era (especially the neglected work of Valentin Fabrikant), two great historical
review papers are here!

F32  APPLIED OPTICS / Vol. 49, No. 25 / 1 September 2010
History of quantum electronics at the Moscow Lebedev

and General Physics Institutes: Nikolaj Basov
and Alexander Prokhorov

N.V. Karlov," O. N. Krokhin® and S. G. Lukishova®*
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Prokhorov & Basov Fabrikant & Vavilov Fabrikant lecturing
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Another review focusing on the Lebedev institute is here!

ONTEMPORARY PHYSICS

Taylor & Francis
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Icons of Russian Physics: From the Lebedev Scientific School in Physics to the
Lebedev Physical Institute

Svetlana G. Lukishova ©2, Anatoly V. Masalov ©® and Victor N. Zadkov ©¢

f Rochester, Rochest

B NY, USA; b Institut M R
CInstitute of‘ R Ru

Figure 1. o . Lebedes (Courtsy o h Lebdev P

Figure 5. Seven Nobel prize winners of the PN. Lebedev Physical Institute (portrait gallery in the Lebedev Physical Institute building).

From left to right: PA. Cherenkov, LE. Tamm, LM. Frank (1958); N.G. Basov, A.M. Prokhorov (1964); A.D. Sakharov (1976); V.L. Glnzburg.
(2003). (Courtesy of the Lebedev Physical Institute).

And some wonderful memories from Elsa Garmire of the early work with Charles
Townes were published in 2015 in @NaturePhotonics

NATURE PHOTONICS | VOL 9 | JUNE 2015 | www.nature.com/naturephotonics

commentary

Memories of Charles Townes

Elsa Garmire

Charles Townes, the Nobel laureat for

optics,

sadly passed away in January this year. Here | offer personal reflections of working with him as one of his

graduate students.

Spatial solitons

During the summer of 1964, we learned
that Michael Hercher from the University
of Rochester had focused a powerful
Q-switched ruby laser into a glass block
and found that it left a trail of damage that
did not seem to spread with distance by
diffraction. Townes considered that optical
nonlinearities might overcome diffraction.
He enlisted Chiao and me to work out the
theory and plan experiments.

On being a student of Charles Townes
‘The characteristic of Townes that most
impressed me was his intuitive ability to
think in simple, physical terms. We never
worked with complex, difficult mathematics.
Asa graduate student, I first perceived that
his unwillingness to do things the hard way
meant that he couldn't. As I was learning
quantum mechanics, I asked him why he
never used quantum mechanics in our
work. He pointed out that if an equation
did not have Planck's constant in it,then it
was explainable classically. Because gain and

Charles Townes (pictured) was awarded the
Nobel Prize in Physics in 1964. He shared the
prize with Nicolay Gennadiyevich Basov and
Aleksandr Mikhailovich Prokhorov.
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Conclusions. The early days of laser and nonlinear optics were extremely
international, & historical articles are important. Use these examples in teaching, and
download @SPIEtweets Nobel prize poster for your lab!

Light, Lasers, and the Nobel Prize
Advanced Photonics, co-published by SPIE and Chinese Laser Press, is a highly
selective, open access, international journal publishing innovative research in all
areas of optics and photonics, includ...

https://www.spiedigitallibrary.org/journals/advanced-photonics/volume-2/issue-05/0505..

Light, Lasers, and the Nobel Prize Advanced Photonics 2, 050501 (2020)

John M. Dudiey

Fig. 1 (Left 1o right) James P. Gordon, Nikolai Basov, Herbert Zeiger, Alexander Prokhorov
and Charles Hard Townes at the First Quantum Electronics Conference, Shawanga Lodge,
September 14-16, 1959. Photo courtesy of The Regents of the University of California, Lawrence
Berkeley National Laboratory.
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