e % |(®] DEPARTMENT OF

S PHYSICS

LINIVERSTY

Birth of multiphoton physics
at Moscow and Saclay

50 years later at OSU
P. Agostini

50 years of NonLinear Optics Suzdal 09-21-23-2011



Presenter
Presentation Notes
We are here to celebrate 50 years of NLO. Gerard Mourou asked me to tell about the beginning of NLO at Saclay around 1968. 

My talk is divided in 2 parts:



In a first part I’ shall evoke that period and the birth of multiphoton physics.  This does not claim to be history.  

In a second part I’ll jump some forty  five years to the present time and give a brief account of  NLO at OSU in the 21st century both with MIR and XR lasers (if I have time). 






Multiphoton Processes

at Moscow and Saclay
in the 60's and 70's
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Presentation Notes
It is not entirely clear where the first multiphoton ionization was done 

it is a fact that the most important research effort in that domain was done for many years first in Moscow and then at Saclay.
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Of course it all started with Maiman (no laser, no NLO or MPP) and Bloembergen. 

Is MPI NLO ?

if I believe my experience in teaching NLO it is still is not clear for the students. For a number of years MPI was rather thought as quantum electronics, if I remember well.

 But the susceptibilities are complex numbers and therefore have an imaginary part which provides the link between NLO and MPI cross-sections even though perturbation theory is hard to apply to very large orders.
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A new toy in the lab

The production of sparks in air, though not
detailed in the literature, has become a part
of the repertoire of laser parlor tricks along

withaazor blade piercing>andballoon bursting.>

PRL 14, 60 (1965)
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Those were really pioneering times. Sure it was possible to buy a Ruby, and soon a Nd glass Q-switched laser but what to do with these toys was not clear . 

Air sparks though was  interesting enough. 

Delone’s group at the Lebedev started systematic investigation of the process of ionization of atoms as a precursor of the air breakdown. 
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Lebedev Physics Institute

1964 Nobel Prize

“for fundamental work in the field of
quantum electronics, which has led to
the construction of oscillators and
amplifiers based on the maser-laser

principle”.

N G Basov A M Prokhorov

N Delone

L V Keldysh
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The Moscow part started at the Lebedev Physics Institute (LPI) where Nicolai Basov and Alexander Prokhorov shared in 1964 the Nobel prize with Townes. The LPI was the place where Nicolai Delone’s group stimulated by Keldysh’ paper began their first investigations of MPI of atoms.
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Tonization of H, and rare gases at

MULTIPHOTON IONIZATION OF THE HYDROGEN MOLECULE IN THE STRONG ELECTRIC FIELD OER
EMISSION

G. 5. Voronov, G. A. Delone, N. B. Delone, and 0. V. Kudrevatova
P. N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted 27 August

6 50 years of NonLinear Optics Suzdal
09-21-23-2011


Presenter
Presentation Notes
One of the very first (actually it is usually considered the first) experiment done at the Lebedev.


Le Commissariat a I'énergie Atomique

1945 : By Général de Gaulle soon after WWTL,
First "Haut Commissaire”: F. Joliot (Chemistry Nobel prize in 1935)
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In France under the impulse of gal De Gaule the commissariat à l’énergie atomique was created. 

The CEA mission was to develop military and non military applications of nuclear energy. This institution was directly under the supervision of the prime minister and, I must say, did not have any funding problem.


Saclay in the 60's SATE

Claude Bloch
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Albert Messiah

Jules Horowitz (1921-1995) débuta sa
carriére au Service de physique mathématique; il
fut ensuite directeur des Piles atomiques, puis de
la Recherche fondamentale du CEA.
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In the mid 60’s Saclay had impressive people in Physics like Claude Bloch, Jules Horowitz or Albert Messiah. There was a huge laser program mostly for classified projects. 
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The CEA was at the same time building large laser systems following the American/Soviet efforts for military applications. 

That was very exciting for a young guy to be part of this time. It was actually very exciting times for everybody, and not only in France.

Anyway under the umbrella of the big laser program a group in CEA got money to buy the first available commercial power laser (a ruby laser) and started, in the wake of a few soviet papers, to investigate MPI in gases. This group was directed by Gerard Mainfray. 

We had plenty of good people too even before I joined Bonnal/Maifray’s group at Saclay. We got money to buy a Ruby laser, and pretty soon after a Nd glass laser from the CILAS company.


o

R

Interpretation depends on paper ruling

| LiL
. | oo |+
5 #

S

-+

45 +

. Damon YA
= ‘ 1/
: . Appl. Opt. N
1963
35—
. KYfrt4s
, | ,
i Z TR T
10 50 years of NonLinear Optics Suzdal

09-21-23-2011

Log-Log

Voronov JETP
1965


Presenter
Presentation Notes
One active domain of research was experimenting with various sorts of paper ruling. 

Fans of Perturbation theory would use Log-Log, others would use something else like lin-log (I will come back to this too).


Main trends

THE

PHYSICAL REVIEW

A journal of experimental and theovetical physics established by E. L. Nichols in 1893

4 MARCH 1966

Seconp SERIES, VoL. 143, No. 1

Multiphoton Ionization of Hydrogen and Rare-Gas Atoms*}

H. Barry Bess} anp ArBert Gotp
Institute of Optics, University of Rochester, Rochester, New York
(Received 8 October 1965)
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SOVIET PHYSICS JETP VOLUME 20, NUMBER &

[ONIZATION IN THE FIELD OF A STRONG ELECTROMAGNETIC WAVE

L. ¥. KELDYSH
P. N. Lebedev Physics Institute, Academy of Selences, U.S..s. R.

Submitted to JETP editor May 23, 1964
J. Exptl. Theoret. Phys. (U.5.8.R.) 47, 1845-1957 (November, 1964)
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The main trends in theory were, rather naturally, time-dependent perturbation theory or the tunneling approach of Keldysh. For quite a number of years people both in Moscow and in Saclay decided for the log-log paper and the perturbative interpretation (from which the multiphoton concept comes from, as you know).

It was going to take a good 20 years before a clear signature of nonperturbative ionization (or tunneling to follow Keldysh language).
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Challengers... i

VoLuMmE 33, NUMBER 16 PHYSICAL REVIEW LETTERS 14 OCTOBER 1974

Focal-Length Dependence of Air Breakdown by a 20-psec Laser Pulse: Theoretical
Interpretation through the Effective-Photon Concept

€e=hv/[1-8,f()]
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Many people, even among those I knew simply did not believe in high-order perturbation theory and there were challengers. Among other schemes made available to non-believers , for instance the short-lived (actually not so short since it persisted a good 15 years) concept of an effective photon whose energy depends on the light intensity.


Extraordinary findings...
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It was also the time of extraordinary findings. One of the most famous in the community is this apparent breakdown of two-photon PT. This was quite a shock to a number of people. Especially because the experiment appeared to have taken all possible precautions and was done in a very good lab.
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PRL 44, 1394 (1980)
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Of course it turned out that there was a glitch in the experiment (or rather that the laser was not up the task it had been assigned) but another sign of these pioneering times is that before a good experiment could be done (4 or 5 years later) a couple of excellent theorists had come up with an interpretation of the strange experimental data.

Well, no need to say that two-photon perturbation theory was not to be blamed!
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I could go on with such stories but that would probably give you the wrong idea about the science of multiphoton processes and what followed, i.e. the ultrafast intense laser science. It is not in my intention (I would soon run out of time) to make an historical account of that period.  The mature period starts probably around 1980
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The times of... PHYSICS
* Above Threshold Ionization 1979
* Multiple Multiphoton Ionization 1983
 Adiabatic stabilization 1984
 Freeman resonances 1986
« High Harmonic Generation 1987

* Attophysics 2001
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Besides a few glitches during the prehistory many strong field physics topics with long range consequences have emerged during the 80’s and 90’s.

Here is a partial list.




Multiple ionization

AL
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Suran and Zapesnochniy
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Here are a few names: Vasyl Suran and Dr Zapesnochiy in Uzhgorog for their first observation of multiphoton double ionization.
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Extreme Nonlinear Optics
High Harmonics

C K Rhodes Anne L'Huillier
Chicago Saclay
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Anne L’Huillier for her pioneering work on High Harmonics. From this work would stem a huge number of applications from spectroscopy to strong field physics and, perhaps more remarkably and completely unforeseen in the mid 80’s the birth of attophysics  some 15 years later.




Tunneling

SL Chin

CO, laser

1985
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See Leang Chin for his experiments with a CO2 laser which definitely established the non-perturbative regime of strong field ionization and naturally someone you know and his vision that, I am bearing witness of it, in 1987 was really far fetched for most people.
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CPA

1987 En route vers le PW

Hard to believel
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http://spie.org/x41069.xml?ArticleID=x41069

R

1s* TW laser at Saclay
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with Mid-Infrared and Xray
lasers
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This second part is just to give you a flavor
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Why Mid InfraRed?

2.2

OPA
OPCPA
DFG
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The main reason for the interest in MIR laser is the lambda2  dependence of the photoelectron kinetic energy.
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High Harmonics of MIR lasers
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Clear evidence of the wavelength advnatage in harmonic cutoff.


Group Delay Dispersion (RABBITT)
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Decrease of GDD


A surprise: LES in ATI spectra
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Blaga
Nat. Phys. 5, 335 (2009)
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Also stemming from Keldysh’ ideas in the 50-60’s is the change of the behavior of a Bloch electron in a strong DC or a low frequency ac field. 

Using the OSU MIR lasers it is easy to investigate a situation in which a crystal electron is put in the conduction band and there undergoes oscillations of amplitude large compared to the crystal constant.

This is what we have done with a 3.6 micron laser and a crystal of Zinc oxyde.
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The experiment was proposed by David Reiss and Shambu Ghimire from Stanford University and carried out at OSU. The result was in last February issue of Nature Physics.

As in atoms and for the first time in a crystal were observed high order harmonics (up to 25, which is similar to a gas like xenon) but with the remarkable difference that the energy cutoff scales as the square root of intensity rather than intensity.
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Franz-Kedysh effect

L. Keldysh, J. Exp. Theor. Phys. 834, 788 (1958).
W. Franz, Z. Naturforsch 13, 484 (1958)
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We also have investigated the FK effect measuring the shift of the absorption edge in presence of the 3.6 micron radiation in a pump-probe scheme.
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Franz-Keldysh effect in the MIR

a —
0.6} —_— -:115')2(:) ”,,"'
0.5
@ [:I":I-" {’ P .—_—_,——'—".'
E
£023 —8-data ﬁ
@ == ~fit for I < 1TW/cm®
= oo 1 = 0.38(I[TW /em?))V/3[eV],
0.1}
IDID 1 2 3 4 2
Irﬂenshy{Tvvwxnz}
S. Ghimire et al. (PRL in press)
30 50 years of NonLinear Optics Suzdal

09-21-23-2011

'8 *I’@] DEPARTMENT OF
PHYSICS

Breakdown! of FK
Prediction for
I> 1TW/cm?


Presenter
Presentation Notes
The main result is the observed shift of the absorption edge as a function of the laser intensity. And the apparent breakdown of the Franz-Keldysh prediction (dotted) for intensities larger than 1TW/cm2.







The magnitude of the observed shift is much less than the FK prediction even below 1TW/cm2.

The 1TW/cm2 limit is the intensity at which nonparabolic  effects become important and Bragg scattering occurs within a half-cycle of the laser. This is also the regime where the HH are seen.

Even at the highest field the forbidden gap still exists.  Theory of the electronic structurei n the non-perturbative limit must be developed.




LCLS XR FEL
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THE LABORATORY

Locded in Menlo Park, Califorria, SLAC Mational
Acceleraor Laboratory is home tosome of the world's
most cutting-edge technologies, used by researchers
waridwice to uncover scientific mysteries on the
smdlest andthe largest scales —from the workings of
the atam to the mysteries of the cosmos.

The result has besn 50 years of dscovery and
innavationin both basic and applied science, with
tangitle bendits for our everyday lives. The foll owing
examples highlight some o the roles SLACfacilties
have played in achancing scientific understanding and
improwing the human condition.
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Two-photon transition is a hard business at Xray frequencies.
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Xray FELTwo-Photon at SLAC i

week ending

PRL 106, 083002 (2011) PHYSICAL REVIEW LETTERS 25 FEBRUARY 2011

Nonlinear Atomic Response to Intense Ultrashort X Rays

G. Doumy,’” C. Roedig,' $.-K. Son,” C.T. Blaga," A.D. DiChiara,' R. Santra,>* N. Berrah,” C. Bostedt,® I. D. Bozek,®
P.H. Bucksbaum,” I.P. Cryan,” L. Fang,® S. Ghimire,’ J. M. Glownia,’ M. Hoener,” E. P. Kanter,” B. Kriissig,? M. Kuebel,®
M. I\.eiessersc:hmu'clt,6 G.G. P'au]us,8 D. A. Reis,” N. Rohﬁnger,g L. chmng,2 P. Agost:inj,l and L. E DiMauro’

"The Ohio State University, Columbus, Ohio 43210, U/SA
zArgome National Laboratory, Argonne, Illinois 60436, USA
*Center for Free-Electron Laser Science, DESY, 22607 Hamburg, Germany
*Department of Physics, University of Hamburg, 20355 Hamburg, Germany
Western Michigan University, Kalamazoo, Michigan 49008, USA
SLinac Coherent Light Source, SIAC National Accelerator Laboratory, Menlo Park, California 94025, USA
TSranfﬂrd PULSE Institute, SLAC National Accelerator Labaovatory, Menlo Park, California 94025, USA
®Institute of Optics and Quantum Electronics, 07743 Jena, Germany
Tawrence Livermore National Laboratory, Livermore, California 94551, USA
(Received 13 December 2010; published 24 February 2011}
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Interestingly enough, advances in NLO come also from the opposite end of the spectrum, thanks to the FEL XR laser at Slac,
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Here are a few samples from the last July run.  Electron energy spectra are recorded simultaneously in 5 TOF spectrometer in 5 directions wrt the laser polarization. Since the photoelectrons both from the 1s and the Auger decay can have high energies (the KLL Auger line is at 805 eV), retarding voltages must be applied. 

The enormous flux of the LCLS, the target density and the TOFs throughputs appear to satisfy the minimal requirements of single shot spectra.

The maximum streaking from the 2.3 micron laser has been measured to about 100 eV.

The results are being processed right now and initial sorting looks encouraging.
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In closing this talk I would like to show, albeit briefly, names of people I had the privilege of knowing during the past 50 years.

My colleagues from Saclay…

Those from Russia. (Nicolas Delone and David Zaretsky unfortunately passed away recently). Leonid Keldysh I have met only once but his name is probably the one most uttered since the 2000’s.

Some colleagues around the world  whom I directly worked with

Finally the students and postdoc from OSU, my friend Prof DiMauro and our colleagues from Stanford.
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1s* experiment on MPI?

Letters to theE

Letters to the Editor should be addressed to the Editor,
APPLIED OPTICS, 1155 16th St., N.W., Washington 6, D.C.

Observation of lonization of Gases
by a Ruby Laser

Antenn ea.rtmﬂnt of Electrwal Engineering,

Jeeebus gets enmlled as the gatron saint of O
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To close this talk let point out something interesting: first reference in Keldysh’ famous paper shows that  Damon and Tomlinson where actually in the Electrcal Engineering Dept at Ohio state.

O-H-I-O Go bukeyes!
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