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Large electric field strengths

[F, /(V /cm)]=27.46x[1, /(W /cm?)]'?




Laser Intensity vs. Years
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Taken from T. Tajima’s presentation at ‘IZEST’ [ INTERNATIONAL ZETA-EXAWATT SCIENCE AND TECHNOLOGY.]
Launching Workshop, Ecole Polytechnique, 28-29 November, 2011. Paris, France.




D. Strickland and G. Mourou [ 1985 ]: ‘Chirped Pulse Amplification’ , ‘CPA’

COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES *

Donna STRICKLAND and Gerard MOUROU

Laboratory for Laser Energetics, University of Rochester, 230 Easr River Road, Rochester, NY [4623-1204, USA

Received 5 July 1985

We have demonstrated the amplification and subsequent recompression af optical chirped pulses, A system which produces
1.06 pwm laser pulses with pulse widths of 2 ps and energies at the millijoule level is presenied.

The onset of self-focusing of intense light pulses pulse would be free from gain saturation effects, be-
Timi(s THe dmpliiication Of ulira-sShort (aser pulses. cause the frequency varies along the pulsewidth and
A similar problem arises in radar because of the need each frequency component sees gain independently.

for short, yet energetic pulses, without having circuits A schematic diagram of the amplifier and compres-
capable of handling the required peak powers. The so- sion system is shown in fig. 1. A CW mode-locked,
lution for radar transmission is to stretch the pulse Nd : YAG laser (Spectra-Physics Series 3000) is used
by passing it through a positively dispersive delay line to produce 150 ps pulses at an 82 MHz repetition rate.
before amplifying and transmitting the pulse. The Five watts of average power are coupled into 1.4 km
TCITO 15 coTnpressed 1o 115 original pulse shiape by a of single-mode non-polarization-preserving optical

TEEATIvely UIspersive delay e {11, fiber. The fiber (Corning Experimental SMF/DS™)

D. Strickland and G. Mourou: Compression of amplified chirped optical puses. Opt. Comm. 56 (3), 219-221
(1985)# . [ Opt. Comm. 55 (6), 219-221 (1985) ,,where inadvertently a wrong figure was printed as fig.1.” ]







G. A. Schott [ 1907 ]; Synchrotron radiation and ‘superradiance’. Loss !

2. Uber die Strahlung von Elektronengruppen;
von G. A. Schott.

——|A(y) = 4ne j dtG(y - x(x))u, (v)

8§ 1. Umformung der Lorentzschen Potentiale. Wir gehen
von den bekannten Lorentzschen Potentialen ¢ und a aus, wo

o= (@ o [ ]e2] 2552

Hier ist (z, y, z) der Aufpunkt, d2’ dy’ dz’ ein im Punkte
(', ¥, 2) gelegenes festes Volumelement,

R=+Ve—oP+u—y7+kE—7)F,

und ¢ die Ladungsdichte, v die Ladungsgeschwindigkeit im
Punkte (2, ¥, 2') zur Zeit ¢t — EJc. Es sind also g, v impli-
zite Funktionen von ¢, z, 7, z; wir wollen nun die Aus-
drilcke (1) umiormen, 80 daB t als exphmte Va.rmble erschemt

o x

e

G. A. Schott, Uber d1e Strahlung von Elektronengruppen Annalen der Physik (4) 635 660 (1907)




Synchrotron radiation. ‘Search light’. Radiation loss, reaction.

Fig. 1.8. Instantaneous distribution of the
c-component of the synchrotron radiation

Fig. 1.7. Instantaneous intensity In the section the relative minima are to be seen; the small
distribution ¥(a, y) of the components of the radiation opposite to the motion are
synchrotron radiation shown with enlarged scale

Figures taken from: A. I. Sokolov and I. I. Ternov, Synchrotron radiation. (Springer, Berlin, 1966).
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The Importance of Radiation Loss.
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Linear : P,,.c ~ practically zero ( however, very costly ).
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Taken from A. Caldwell’s presentation ,,Novel accelerators...” at ‘IZEST’ [ INTERNATIONAL ZETA-EXAWATT
SCIENCE AND TECHNOLOGY. Launching Workshop, Ecole Polytechnique, 28-29 November, 2011. Paris, France. ]




‘Laser field’. Plane wave. ‘Nonrelativistic, relativistic intensities’
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Very distorted trajectories, ‘ponderomotive pushing’, ‘filamentation’
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Comparison with an ideal phase function Ganssian intersity distribution
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See for example : S. V., Intensity effects and absolute phase effects in nonliear
laser-matter interactions. In Laser Pulse Phenomena and Applications ( Ed. F. J.
Duarte, InTech Publisher, 2010 ) Chapter 12, pp. 243-266.




The first: K. SHIMODA [ 1962 ]

Proposal for an Electron Accelerator Using an Optical Maser

Koichi Shimoda

Among many possible applications of the extremely high brightness temperature and the radiation
density obtainable with the optical maser, a high energy electron accelerator is proposed and discussed
in this paper. It consists of a cylindrical tube of maser material excited by a pumping radiation through
an interference filter coated on its outer surface and, it generates an oscillation in a TMNM type mode.
An optical peak power of 10 kw/em? was calculated to accelerate electrons by 10° ev/meter. A gas-
filled cavity is proposed for velocity matching. Selection of the particular mode might be made by
placing a periodically printed absorption layer on the inner surface of the maser cylinder. However,
mode separation would be extremely difficult because of thermal expansion of the maser material.

| ‘An optical peak power of 10 kW/cm”2 was calculated to accelerate electrons bz 1079 eV/meter.’ I

l. Introduction frequency. Among many possible applications of an
Directivity, cohcrence, and brightness temperature extremely high radiation density obtainable with the

of the radiation generated by a high frequency maser optical or infrared maser, an clectron linear aceelerator

are deseribed by the extremely narrow spectral width 18 proposed here.

of the oscillation. W!len tIfEe cffeet of saturation is Il. Field in a Cylindrical TM,.,, Cavity

K. Shimoda, Proposal for an electron accelerator using an optical maser. Applied Optics 1, 33-35 (1962)




K. Shimoda [ 1962 ], ‘Inverse Cherenkov-Effect’. 1 -3 n cos 0 = O : the
phase of the does not change at the position of the electron, there is no
oscillation, but a huge static accelerating ( or deccelerating ! ) field.

Fig. 2. Dielectric tube in a gas-filled cavity for wvelocity
matching.
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Pumping Radiation Maser Moaterial

Fig. 1. Schematic diagram of an electron linear accelerator by
optical maser.
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electron beam machining.

IV. Conclusion

It has been shown above that an acceleration of
10? ev/meter could be obtained with a maser output of
10 kw/em?, if velocity matching and mode selection
were achieved. However, with such a large high @
cavity there is likely to exist relaxation oscillation in
the maser which must be suppressed.

Mode separation would be very difficult in a cavity
especially when thermal expansion is taken into con-
sideration. Beam loading and focusing have not been
discussed here. The diameter of the accelerated beam
is a fraction of the radial wavelength A,, and is about
10-3cm when Ay = 10~ % em.

Finally, it may be said that the optical maser linac
proposed here works on a reverse process of the Ceren-
kov effect in a gas. One should not be surprised to
NUMDEr Of COLISIONS 10 the one-meter path 1engin 15
Toug ;
accelerator if the particle travels about 107 meters in a

vacuum 01 a[)oui H] - min Hg

Reference

1. II. Shimoda, H. Takahasi, and C. H, Townes, J. Phys. Soc.
Japan 12, 686 (1957).




‘(Inverse) Free Electron Laser’ [ Palmer, 1972. Madey, 1971] .

Interaction of Relativistic Particles and Free Electromagnetic Waves
in the Presence of a Static Helical Magnet*

Robert B. Palmer
Brookhaven National Laboratory, Upton, New York 11973
(Received 23 December 1971)

It is shown that a particle passing along the axis of a helical magnet (in which the field is
perpendicular to the axis and rotating as a function of position along the magnet) can be con-
tinuously accelerated by its interaction with circularly polarized radiation passing in the

same direction. An example is given in which an electron is accelerated to 10 i
laser of 10 W. A second example shows how pions and kaons might be separated at mo-
‘menta over 1000 GeV. It is further shown that bunched charged particles passing down the
helical magnet will radiate coherent circularly polarized electromagnetic waves, and it is
speculated that the required bunching may under some circumstances be self-generating.
An example is shown in which a 10-A current of 15-MeV electrons is used to generate a 75~

MW beam of 10-u radiation.

R. Palmer, Interaction of Relativistic Particles and Free Electromagnetic Waves in the Presence of a Static
Helical Magnet. J. Applied Physics 43, 3014-3023 (1972)

J. M. J. Madey, Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field. J. Applied Physics
42, 1906-1913 (1971) .

From the recent literature on FEL see e.g.: Varrd S (editor), Free Electron Lasers. (Rijeka, InTech Publisher, 2012)




Motion of an electron bunch in ‘phase space’

inigiel
]

Figure 5.
Phase space behaviour of an electron bunch. a) long bunch, Free Electron Laser
regime; b) short bunch, Inverse Free Electron Laser.

Taken from: J. L. Bobin, Plasma assisted inverse free electron laser. In R. Bonifacio, L. De Salvo Souza and
C. Pellegrini (Eds.), High gain, high power free electron laser: Physics and application to TeV particle
acceleration (North-Holland, Amsterdam, 1989) pp. 197-210.




T. Tajima and J. M. Dawson [ 1979 ]: Collective Plasma Accelerator

VOLUME 43, NUMBER 4

PHYSICAL REVIEW LETTERS

23 Jury 1979

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10**W/cm?® shone on plas-

mas of densities 10'® cm™?

can yield gigaelectronvolts of electron energy per centimeter

of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.

Collective plasma accelerators have recently
received considerable theoretical and experi-
mental investigation. Earlier Fermi' and MeMil-
lan® considered cosmic-ray particle accelera-
tion by moving magnetic fields' or electromag-
netic waves.? In terms of the realizable labora-
tory technology for collective accelerators,
present-day electron beams?® yield electric fields
of ~107 V/em and power densities of 10'® W/cm?,
On the other hand, the glass laser technology is
capable of delivering a power density of 10'®* W/
cm®, and, as we shall see, an electric field of

the wavelength of the plasma waves in the wake:
L,=x,/2=n1¢c/w,. (2)

An alternative way of exciting the plasmon is to
THJECT WO [ASer Deams WIith SLgntly duierent

frequencies (with frequency difference Aw~w,)

al 1 c ecomes
-2nc,f’w_,. The mechanism for generating the wakes
‘can be simply seen Dy the following approximate
treatment. Consider the light wave propagating
in the x direction with the electrie field in the

y direction. The light wave sets the electrons

T. Tajima and J. M. Dawson, Laser electron accelerator. Physical Review Lett. 43, 267-270 (1979)




‘LASER ACCELERATION OF PARTICLES’ [ Los Alamos, NM, USA, 1982 ]

. o chanisms' of acceleration viewed as potential candidates
AIP Conference Proceedings high-gradient accelerators are the following (not in order of
Series Editor: Hugh C. Wolfe :

Number 91 + Grating Accelerator - a special case of a conventional
accelerating waveguide in which the waveguide structure
is open sided, for example, a diffraction grating in the
presence of a strong optical field.

High Gradient Structures and Power Sources at Wavelengths
Near T om - & scaledown of conventional wavequide
structures to millimeter size with emphasis on avoidance
of breakdown problems.

Inverse Cherenkov Accelerator - relies on index of
refraction of background medium to provide phase matching
between optical field and electron. A novel geometry has

Lasel‘ Acceleration Of Particles been proposed to alleviate gas-breakdown limitations.

Beat-Wave Accelerator - acceleration is achieved by the
(Los Alamos, 1982) fields produced as a result of charge separation

generated by a traveling plasma wave. The plasma wave,
‘ . 7 in turn, is set up by a laser pulse whose amplitude is
Ren alssance modulated so that the beat frequency matches the plasma

frequency.

Inverse Free Electron Laser Accelerator - uses the energy
exchange occurring when an undulating electron in a
periodic magnetic field has a transverse velocity in
phase with the transverse E-field of an intense optical
beam,
: . Iwo-Wave Accelerator - similar to (5) except that the
Edited by magnetic wiggTer is” replaced by a slow microwave field

Paul J, Channell whose phase velocity relative to the electron beam may be
Los Alamos National Laboratory adjusted by changing the relative angle.
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® |Laser—Plasma Wakefield Acceleration

*® Computations for Accelerator Physics

‘Renaissance’

1 of 2 /2012 11:08 |
dvanced Accelerator Concepts Workshop | Austin TX | June 10 - 15.... http://w3fusion.ph.utexas.eduw/ifs/aac2012/

Laser and High—-Gradient Structure—-Based Acceleration
Beam-Driven Acceleration
Beam and radiation generation, monitoring and control

Laser-Plasma Acceleration of lons

Muon Colliders and Advanced Concepts
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‘Near-field accelerating structures’. ‘GRATING LINAC’

fo) LINAC (e) 2 ROWS OF DROPLETS

Klystron j_

(b) GRATING
(f) 4 ROWS OF DROPLETS

O

() BUMPS

S051C1

Palmer et al., ‘Report of near field group’. Laser acceleration of particles pp234-252 (AIP, N. Y.,1985). Fig.1




‘Near-field accelerating structures’. ‘GRATING LINAC’ [ example in 2012 ]

© 2012, Max Planck Institute of Quantum
Optics, Garching

Zlectron acceleration with laser light hetp/Awww.mpq.mpg.de/ems/mpqg/en/groups/hommel/homepage_cms/.
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Ultrafast Quantum Optics

Electron acceleration with laser light
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Not only electrons: Acceleration of protons. [Possible medical applications. ‘Hadron therapy’ ]

PRL 109, 234801 (2012)

PHYSICAL REVIEW LETTERS

week ending
7 DECEMBER 2012

Laser-Driven Proton Acceleration Enhancement by Nanostructured Foils

D. Margarone,' O. Klimo,'” I.J. Kim,” J. Prokiapek,'~ I. Limpouch,' T. M. Jeong,” T. Mocek,' J. P§ikal,'” H.T. Kim,’
J. Proska,” K. H Nam,” L. Stolcova,"* L W. Choi,” S.K. Lee,” J.H. Sung,” T.J. Yu,” and G. Korn'

'Institute of Physics of the ASCR, ELI-Beamlines/HiLASE project, Na Slovance 2, 18221 Prague, Czech Republic
_ *Czech Technical University in Prague, FNSPE, Brehova 7, 115 19 Prague, Czech Republic
‘Advanced Photonics Research Institute, GIST, 1 Oryong-dong, Buk-gu, Gwangju 500-712, Republic of Korea

protons

FIG. 1 (color online). TNSA mechanism with the target ge-
ometry used in the experiment (side view). The laser beam
(p polarized) is absorbed at the nanospheres-vacuum interface
with an incidence angle of 22.5 degrees (N denotes the target
normal). The hot electrons (generated at the target front side)
propagate forward and accelerate protons at the rear side. The
proton or ion diagnostics (D) is placed along the N direction.
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FIG. 4 (color online). Proton beam maximum energy (left-
handed axis) and the total energy of the proton and ion beams,
each normalized to the case of a planar foil (right-handed axis)
for different target geometries.




Breakthrough. Generation of monoenergetic electron beams, ‘bubble regime’ [ 2004 - ]

‘Bubble’ accelerator: A secial wake-field, ‘scalable’ plasma accelerator

Pukhov, Gordienko, Phil Trans. R. Soc. A, (2006) 364, 623633
A Pukhov & J.Meyer-ter-Vehn, Appl. Phys. B, 74, p.355 (2002)

J. Faure et al., Nature (London) 431, 541 (2004); S. P. D. Mangles et al., Nature (London) 431, 535
(2004); C. G. R. Geddes et al., Nature (London) 431, 538 (2004); W. P. Leemans et al., Nat. Phys 2, 696
(2006); J. Osterhoff et al., Physical Review Letters 101, 085002 (2008)




LETTERS

GeV electron beams from a
centimetre-scale accelerator

W. P. LEEMANS'*!, B. NAGLER!, A. J. GONSALVES?, Cs. TOTH', K. NAKAMURA'-2, C. G. R. GEDDES!,
E. ESAREY'*, C. B. SCHROEDER' AND S. M. HOOKER?

'Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA

2University of Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK

*Nuclear Professional School, University of Tokyo, 22-2 Shirane-shirakata, Tokai, Naka, Ibaraki 319-1188, Japan
*Also at: Physics Department, University of Nevada, Reno, Nevada 89557, USA

Laser
beam dump o I 0.03 015 0175 0.3 0.4

Charge-coupled 4
device T acuum Rgeliovs
aec““m

Diode 2

0 T T T
Figure 1 Schematic diagram of the capillary-guided laser-wakefield 040 045 050 055 060
accelerator. The plasma channel was formed in a hydrogen-filled capillary GeV

W. P. Leemans et al., GeV electron beams from s centimetre-scale accelerator. Nat. Phys 2, 696 (2006)




= e Practical implementation of combined
m injector and acceleration stage

=4

£
g
&
B
2
w

[1018 cm-3)]
o] T

Supersonic gas jet embedded into capillary

. |01 Gev

Injector Acceleration section
- 3 cm

Picture taken from: Cs. Toth, Longitudinal density tailoring of a tunable lase plasma accelerator.
Presentation at ‘LEI-2011’ Szeged 2011. [ Curtesy Cs Toéth. ]




MeV and an intial emittance of 63 mm-mrad. The large input emittance was chosen to maximize the beam radius
for efficient beam loading and for emittance matching to the wake’s focusing fields [18].

Warp = 10

FIGURE 2. Simulation result of a 10 GeV LPA stage from the code WARP3D, using a Lorentz boosted frame. The image
shows an externally injected electron bunch (rainbow color) riding a density wake (light blue) excited by an intense laser pulse
(red), propagating in a 0.65 m long plasma channel. The laser pulse (~40 J in ~67 £5), focused to ~90 um spot size at the entrance
of the channel, has reached the end of the plasma channel. The electron bunch energy has reached up to ~10 GeV.

Picture taken from: W. P. Leemans, Laser plasma accelerators development and the BELLA Project at
LBNL. Presentation at ‘LEI-2011’ Szeged 2011. [ Curtesy Cs Toéth. ]




Laszl6 Veisz private communication [ MPQ Garching, 5. 12. 2012 ]




Den5|ty transition setup [ MPQ, Garchmg ]

fFrom Gas Reserv01r ~

r Dlrectlon of laser
propagation

(o)
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[\

(10”cm™)

Plasma Density

| 1 |
-100 -50
Laser Propagation A

MPQ, Garching: | . Veis7z private communication [ 05. 12. 2077




Comparison of injection methods [ MPQ, Garching |
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Summar

The main problem of laser acceleration of particles is the different dispersion
[ energy — momentum relation ] of light and the massive particles. The history of
development in this field is the history of ways how to get around this problem.

The mechanisms of acceleration of charged particles have been systematically
studied from the 30ies of the last century (cyclotron, synchrotron, cosmic rays).
The radiation loss have been always a chief obstacle. Various techniques from the
microwave (in particular, radar) research have been adapted in laser physics [ see
e.g. mode-loking, picosecond pulses, chirped pulse amplification, attosecond
generation by fourier synthesis of very high harmonics ]. These are all clear
illustrations of the scale-invariance of the Maxwell equations.

There has been no conceptionally new scheeme introduced recently. The basic
acceleration mechanisms has already been proposed in the 70-80ies of the last
century. Presently the most work is being put to various versions of the plasma
wake-field accelerator, like the capillary systems. By now they achieved 1 GeV. For
moderate energies and truly table-top setups, the near-field accelerators seem to
be the most promising, however they still do not function.

The synchronization of the particles and the accelerating light is a crucial issue.
Only recently there has been developments in this respect, and monoenergetic
particle beams has been produced with laser light. [ For larger energies, quantum
statistical and coherence properties and descriptions may be important. ]







G. A. Schott [ 1907 ]; Synchrotron radiation, ‘superradiance’

=00
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§ 8. Dieser Ausdruck kann mittels des Neumannschen
Additionstheorems vereinfacht werden; es ist

g, (@h® = %fJo(ﬁ':rsinq;)cos?anodqu,

G. A. Schott, Uber die Strahlung von Elektronengruppen. Annalen der Physik (4) 635-660 (1907)




Cosmic rays. Acceleration by microwaves [ E. M. McMillan 1945, 1950 ]

PIHYSICAL REVIEW VOLUME ., NUMBIER 3

The Origin of Cosmic Rays

Epwin M. McMiLLAaN
Radiation Laboratory, Department of Plysics, University of California, Berkeley, California
(Received January 31, 1950)

The original idea of Menzel and Salisbury concerning the origin of cosmic rays has been extended and
some of its possible consequences worked out in more detail. It is concluded that low frequency electromag-
netic waves (a few cyc]es per second) may exist in limited regmns near the outer edge of the solar corona,
and could accelerate ions to cosmic-ray energies. An attempt is made to explain both the ‘“‘ordinary’’ cosmic

s in terms of the action of these waves.

Radiation from a Group of Electrons
Moving in a Circular Orbit

Unt's.rsrst'l:v];:;g:;'fgr;ff;z:;:;;?Califarw PHYSICAL REVIEW VOLUME 79, NUMBER 3 AUGUST 1, 1950

September 9, 1945

SBCEslectronof tatel speeyils {ent The Extraordinary Increase of Cosmic-Ray Intensity on November 19, 1949

moving in a circle of radius R, radiates &
rate L (electron wvolts per turn), given by:

Scorr E. ForpusH
L=400w(c/R)(E/E.)", Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washinglon, D. C.
where e is the electronic charge in e.s.u., and AND

the synchrotron one has .the case of a m_ther q Trosas B. STINCHCOMB AND MARCEL SCHEIN
group of electrons mowving in the orbit, ar

S IMBLIAE DE Edis tot de penile tn the cobercfios Department of Physics, Untversity of Chicago, Chicago, Illinots
waves emitted by the individual electrons. Fo {Received April 20, 1950)
there were complete coherence, the radiation

would be W times that given b 1), where N i i : i 3 i . 3 § g
oF clectrons in ilie grougp_ wE Four sudden increases in cosmic-ray intensity associated with solar flares or chromospheric eruptions have

1t is apparent from the above that an af so far been observed during more than a decade of continuous registration of cosmic-ray intensity, The last
coherence problem is wvery important for ai and largest of these increases occurred on November 19, 1949, when such an effect was recorded for the first
which groups of electrons are made to mowv time at a mountain station at Climax, Colorado. Here the intensity increased to about 200 percent above
with high velocity. This answer is given by a normal in half an hour. At the sea-level station at Cheltenham, Maryland, the increase was about 43 percent.
to J. Schwinger (communicated to the aut] No increase ocourred at the equator. From the increase in the effect with altitude and latitude, it is con-
Rehi): Schwingeriy fommule glves theixacis cluded that the increase was due to the nucleonic component produced by relatively low energy primary
harmonic of the period of revolution, in a forn i !
easy computation for any distribution of elec charged particles probably accelerated by some solar mechanism.
the orbit. It leads to the following conclusion

Fermi, Teller, Alfvén, McMillan,...The origin of cosmic rays. What kind of acceleration mechanism ?




‘RADIATION LABORATORY’ [ Cambridge, Mass., 1940-1945. |

Foreword

PRINCIPLES OF
MICROWAVE CIRCUITS
Taf. tremendous research and development effort that went into the

Edited by development of radar and related techniques during World War I1

C. G. MONTGOMERY ~=sulted not only in hundreds of radar sets for military (and some for

ASSOCIATE PROFESSOR OF PHYSICS zowsible peacetime) use but also in a great body of information and new

YALE UNIVERSITY “=:hniques in the electronies and high-frequeney fields. Because this

R. H. DICKE - zasie material may be of great value to science and engineering, it seemed
ASSISTANT PROFESSOE OF PHYSICS =ast important to publish it as soon as security permitted.

PRINCETON UNIVERSITY The Radiation Laboratory of MIT, which operated under the super-

E. M. PURCELL +=sion of the National Defense Research Committee, undertook the great

ASSOCTATE PROFESSOR OF PHYSICS ==k of preparing these volumes. The work described herein, however, is

HARVARD UNIVERSITY “ne collective result of work done at many laboratories, Army, Navy,

“niversity, and industrial, both in this country and in England, Canada,

=nd other Dominions,

The Radiation Laboratory, once its proposals were approved and
Znances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Fditor-in-Chief to lead and direct the entire
project.  An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters

Finst Eprrions or sections were chosen from among those experts who were intimately
SECOND TMPRESSION familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described, There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports

NEW YORK.-TORONTO - LONDON or articles have even been mentioned. But to all those who contributed
MeGRAW-HILL BOOK COMPANY, INC. | inany way to this great cooperative development enterprise, both in this
1948 country and in England, these volumes are dedicated.

L. A. DuBripgE.

OFFICE OF SCIENTIFIC RESEARCH AND DEVELOPMENT
NATIONAL DEFENSE RESEARCH COMMITTEE




A ‘Nobel example’: The microwave technique and the ‘Lamb shift’ [ 1947 ]

PIHYSICAL REVIEW VOLUME

NITMBER 3 AUGUST 1, 1947

Fine Structure of the Hydrogen Atom by a Microwave Method* **

WiLLis E. Lams, Jr. AND RoperT C. RETHERFORD
Columbia Radiation Laboratory, Department aof Physics, Columbia University, New York, New Vork

(Received June 18, 1947)

HE spectrum of the simplest atom, hydro-

gen, has a fine structure' which according
to the Dirac wave equation for an electron
moving in a Coulomb field is due to the combined
effects of relativistic wvariation of mass with
velocity and spin-orbit coupling. It has been con-
sidered one of the great triumphs of Dirac’s
theory that it gave the ‘‘right” fine structure of

The calculated separation between the levels
22P; and 22P39 15 0.365 cm™! and corresponds to a
wave-length of 2.74 cm. The great wartime

advances in microwave techniques in the vicinity

ol three centimeters wave-length make possible

the use of new physical tools for a study of the

n =2 fine structure states ot the hvdrogen atom.

A little consideration shows that it would be
exceedingly difficult to detect the direct absorp-
tion of radiofrequency radiation by excited H
atoms in a gas discharge because of their small

* Publication assisted by the Ernest Kempton Adams
Fund for Physical Research of Columbia University, New
York.

** Work supported by the Signal Corps under contract
number W 36-039 sc-32003.

population and the high background absorption
due to electrons. Instead, we have found
method depending on a novel property of the
225, level. According to the Dirac theory, this
state exactly coincides in energy with the 22P,
state which is the lower of the two P states. The .S
state in the absence of external electric fields is
metastable. The radiative transition to the

or may be brought about by the Zeeman splitting
of the levels in an external magnetic field.

In brief, the experimental arrangement used is
the following: Molecular hydrogen is thermally
dissociated in a tungsten oven, and a jet of atoms
emerges from a slit to be cross-bombarded by an
electron stream. About one part in a hundred
million of the atoms is thereby excited to the
metastable 22S, state. The metastable atoms
(with a small recoil deflection) move on out of the
bombardment region and are detected by the
process of electron ejection from a metal target.
The electron current is measured with an FP-54
electrometer tube and a sensitive galvanometer.

If the beam of metastable atoms is subjected to




Undulator radiation, ‘Free electron laser’ [ H. Motz, 1951,1953]

Journal
f

Applied Physies

Yolume 22, Number 5 May, 1951

Applications of the Radiation from Fast Electron Beams

H. Motz
Microwave Laboratory, Stanford University, California
(Received July 3, 1950)

The radiation from fast electron beams passing through a succession of electric or magnetic fields of
alternating polarity is examined. The radiation of maximum frequency is emitted in the forward direction.
If the deflecting fields are not too large, a semiqualitative argument shows that the maximum frequency is
the lowest possible harmonic. The frequencies emitted are determined by studying the Doppler effect, and
the angular distribution of radiated energy as well as the total radiation are calculated in a simple straight-
forward manner with reference to well-known formulas of special relativity. The question of the coherence
of the radiation is discussed. The spectral distribution of radiated energy is then calculated more exactly.
It is concluded that several applications of the radiation appear possible. A scheme for obtaining millimeter-
waves of considerable power is outlined. The upper limit of the power in a band extending down to a wave-
length of 1 millimeter is calculated to be of the order of several kilowatis for a beam of one ampere and an
energy of 1.5 megavolt. The use of the radiation for speed monitoring of beams with energies up to 1000
megavolt is discussed.




Undulator radiation, ‘Free electron laser’ [ H. Motz, 1951,1953]

angle of observation. The fundamental component_of
the radiation emitted under the angle 6 (see Fig. 1) has

A TFEIUenCy

w=Q=2mBc/ls(1--8 cosh). (1)

N S L N 1

L

(sl I fs] ]

Qbserver

F16. 2. Illustrates the radiation cone emanating from
an electron in a circular orbit.

In the extreme relativistic case, when the electron ve-

F16. 1. Schematic arrangement of undulator magnets. focity is near the velocity of light and the accelerations

The energy radiated per unit area into the pth har-
monic of Qe is given by

P

decelerations suffered by the electrons in the pe-
- field are considerable, most of the energy is in a
harmonic of this fundamental frequency, which is

1 w \ 2 23S 2
(———) {sinzﬂ[f RUANE Da—
(1—8 cost)?\Qy/ 47w

& (1— %)

471.232 (mﬂ 62) 2

}. (66}

“+1 Sinﬂxtjﬁl(z)+1p—1(2)]2‘

The result obtained by putting p=0 deserves special
mention. It is very small in our case. However, it is this
term which would give the contribution of the Cerenkov
efiect to the total energy radiated 1l the undulator were

filled with a medium of refractive index €. In this case,

mined by the maximum instantaneous accelera-
or deceleration.r Howevel, even 10 me

Power radiated coherently thus becomes
(3 10%)22- 10153 10" =2.4- 101 erg/sec=2.4-10* watts,

while the power radiated incoherently would have been
1.2-10* watts. However, if it were possible to bunch
all the electrons contained in one-cm length of heam
into 3-millimeter bunches, we should get 2.4-10° watts
radiated coherently.




Undulator radiation, ‘Free electron laser’ [ H. Motz, 1951,1953]

The energy radiated per unit area into the pth har-
mGAIC Of g 15 given by

1 2 52 2Sp2
(w) i [sinm[f,,(Z)]z

(1—-38 cos8)*\Qs/ 4dx*ric

&1 (1—6%)

66
47282 (moc?)? (66)

+ 1 sin? X[ pii(Z2)+ T pa(2) F-

The result obtained by putting p=0 deserves special
mention. It is very small in our case. However, it is this
term which would give the contribution of the Cerenkov

effect to the total energy radiated if the undulator were
filled with a medium of refractive index ¢! In this case,

should generate visible light. Such a beam energy was
available to us for a short period from the Stanford
linear accelerator. The following experiment was
carried out. The undulator was connected vacuumwise
to the accelerator. At the exit end of the undulator the
wave guide was closed by a thin glass plate (microscope
cover glass). A mirror made of microscope cover slide
on which silver had been evaporated was placed to
intercept any light coming through the window.
According to the equation

= moc*/ E,

where E is the beam energy, this light would arrive
under an angle of 1/200 radian. Using a selsyn drive
the mirror could be rotated by remote control. At an
angle of 45° with the beam the mirror would reflect
the light onto the photosurface of a photomultiplier
tube (Fig.4). The photomultiplier worked into a cathode
follower and a long cable to a remote oscilloscope.

IV. GENERATION OF VISIBLE LIGHT
1. The Basic Experiment
It follows from Eq. (1) that an electron beam with

an energy 100 Mev passing through the undulator

TEKTRONIX
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ELECTRONS
GLASS MIRROR™

Fic. 4. Detector arrangement for light waves.

f—
The y-ray and neutron intensity near the undulator
was rather large, and direct visual observation was
therefore impossible. The y-rays also caused a back-
ground signal from the photomultiplier, which was
considerably reduced by careful lead shielding of the
tube. We observed a pulse on the scope, corresponding
to the pulsed operation of the accelerator, when the
mirror was inclined 45°. The pulse disappeared when
this angle was changed by a few degrees in either direc-
tion. The signal disappeared also when the electron
beam was magnetically deflected and thus prevented
from entering the undulator. We regard these observa-

tions as clear evidence that the undulator indeed gen-
emted a beam Of ]ight. I




A. Schawlow , C. Townes, ‘Optical Maser’ (1958)

HYRICAL BUVIEW

A L. Samawiow axo C M. Towses*
Laboratorier,

Bell Tdephome

wray Hill, Nes Jortey

(Recrived Asgust 36, 1958)
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Th. Maiman, ‘Optical maser’: ‘Ruby laser’ (1960)

No. 4738 August 6, 1960
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Breaking stre:
(thousandths of lh.jsq. in.)

- L L " N L

NATURE 493

obtained with these bulk glass
specimens are in the region 450,000
500,000 1b./sq. in. and closely
approach the value obtained by
Thomas? for fine glass fibres.
The glass rod used in these ex-
periments had the following approx-
imate composition by weight (per-
centages) : S0, 69 Na,0, 16;
Ca0, 4; AlO, 3; MgO, 3.
The etching solution contained
about 15 per cent hydrofluoric
scid, 15 per cent sulphuric acid
by weight and the remainder

L i ;

O 1 2 3 4 5 6 i

Depth of material removed from surface (cm. x 10~7)

water. ) )
3 s 10 Experiments are being continued
to determine the effect on these

TFig. . Breaking strength as a function of depth of material removed from the surface, results of varying the concentra-

», Highest strength value in one group of rods ; @, mean strength and 95 per cent con-

fidence limits for one group of rods

particular etching solution removes material from a
glass surface it is possible to study the strength of
etched specimens as a function of the depth of
materiel removed from the surfase. Such a study
may give some information about the size and nature
of tho surface imperfections.

Commercially available soda-glass rods, of 6-8
mm. diameter, have been etched and broken in four
point bending over a constant bending moment span
of 1 in. The rod diameters and loads at fracture were
measured and the breaking stresses caleulated using
the simple bending formula. Groups of rods (con-
taining 16-32 rods) were given different periods of
etching, and the depth of material removed from the
surface of the rods was caleulated for each group.

The variation of the mean breaking strength of
these groups of rods, with depth of material removed
from the surface, is shown in Fig. 1. Also shown on
Fig. 1 are the 95 per cent confidence limits on the
mean strength and the highest strength value
recorded in each group of rods. Fig. 2 is a histogram
comparing the distribution of breaking stresses for
a group of rods which have been etched for 40 min.
with that for unetched rods. The maximum strengths

tion, temperature end nature of
the etchant ; and of chfamghmglthe
th 1 history, size and composition of the glass.
ermel Rwory be B. A. ProcTOR
Rolls-Royee, Ltd.,
Aerophysics Laboratory,
Littleover,
Derby.
June 22.
1 Greene, C. H., J, Amer. Cer. Soc., 39, 86 (1950).
? Thomas, W. l;'., Nature, 181, 1006 (1858) 3 Phys. and Chem. Glasses,
(1960).
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Stimulated Optical Radiation in Ruby

Schawlow and Townes! have proposed a techiilque
for the generation of very monochromatic radiation
in the infra-red optical region of the spectrum using
an alkali vapour as the active medium. Javan® and
Sanders? have discussed proposals involving electron-
excited gaseous systems. In this laboratory an
optical pumping technique has been suceessfully
applied to a fluorescent solid reSultm‘g in the attain-
ment of negative temperatures and stimulated optical
emigsion at a wave-longth of 6943 A.; the active

material used was Tuby (chromium mn
corundum).

= SILVER
/ REFLECTORS




‘Free Electron Laser’ [Madey, 1971].

JOURNAL OF APPLIED PHYSICS

VOLUME 42,

( ‘Laser’ + ‘Large facility’ ) Physics’

NUMBER 5 APRIL 1971

Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field

Joun M. J. MapEY
Phlysics Department, Stanford University, Stanford, California 94305
(Received 20 February 1970; in final form 21 August 1970)

The Weizsiicker—Williams method is used to calculate the gain due to the induced emission of radiation
into a single electromagnetic mode parallel to the motion of a relativistic electron through a periodic trans-
verse dc magnetic field. Finite gain is available from the far-infrared through the visible region raising
the possibility of continuously tunable amplifiers and oscillators at these freguencies with the further
possibility of partially coherent radiation sources in the ultraviolet and x-ray regions to beyond 10 keV.

Several numerjcal examples are considered.

At least two authors have considered in detail the
process of induced bremsstrahlung at radio and optical
frequencies due to the scattering of an electron beam by
the ion cores in neutral and ionized matter concluding
that appreciable gain was available under favorable
conditions.!~® This analysis deals with the radiation
emitted by a relativistic electron beam moving through
a periodic transverse dc magnetic field. We will consider
the process as the scattering of virtual photons using the
Weizsicker-Williams method* to relate the transition

rates to the more casily cafculable rates for Compton

where
B=uv./c

r=1/(1-F)".

In the limit S—1 these fields approach in detail those
associated with a wave packet of real photons moving in
the direction —z’. Assuming that the matrix element for
scattering is a continuous and slowly changing function
of the initial photon mass, in the limit that the photon
energy in the electron rest frame is large in comparlson

and

J. M. J. Madey, Stimulated Emission of Bremsstrahlung in a Penodlc Magnetlc Fleld J. Applled Phys:cs

42, 1906-1913 (1971)




The gain of the Free Electron Laser can he positive or negative - Inverse F.E.L.




‘Inverse Free Electron Laser [Palmer, 1972] .

TABLEI. Parame-_ters_of a 10-GeV electron accelerator.

S

Fixed parameters

Laser power if single image 101 w
Electric field ~1.7»%10% V/em
Wavelength of radiation . 10 em
Helical magnetic field 108 G
Length 200 m
Diameter of optical image = 1 ecm

Variable parameters At injection Final

Electron energy = S0 MeV 10 GeV

TEAUTH O onle turn o e——————eyeeee———ltrem
the helix

Helix angle o = 10x 10" rad 2x10*% rad

Rate of energy gain L2t ~1.7 MeV/cm 0.35 MeV,/ cm

BPunching length I =10 cm Z20 m

S ———
———————————— —

— —
e — —— — —_—

J. Appl. Phys., Vol. 43, No. 7, July 1972

R. Palmer, Interaction of Relativistic Particles and Free Electromagnetic Waves in the Presence of a Static
Helical Magnet. J. Applied Physics 43, 3014-3023 (1972)




LASER ACCELERATION OF PARTICLES [ Malibu, CA, USA, 1985 ]

AIP Conference Proceedings
Series Editor: Rita G. Lerner

Number 130

Laser Acceleration of Particles
(Malibu, California, 1985)

Edited by

Chan Joshi and Thomas Katsouleas
University of California, Los Angeles

PREFACE

The second workshop on "Laser Acceleration of Particles,"
was held at the Norton Simon Malibu Beach Conference Center of the
University of California, Los Angeles from January 7-18, 1985,

The Chairman of the organizing committee was Dr. Lee Teng of
Fermilab,

This book contains most of the invited presentations
and contributed papers by the attendees, The executive summary
by Dr. Lee Teng and the working group summaries provide overviews
of the present state of the field on laser acceleration of particles
and _can serve as introductions for the nonexpert. In addition to
the working group summaries, a basic overview of laser technology
and accelerator technolopy is provided by the laser and accelerator
tutorials. These reflect the effort to establish and unite (at
least through common language) a joint scientific community with
the diverse backgrounds that laser acceleration of particles
involves, The tutorials should provide a valuable Terefence LU
researchers who have not specifically worked in both disciplines.

The proceedings of the first workshop on Laser Accelera-
tion of Particles, held at Los Alamos in February 1982, were also
published as AIP Conference Proceedings, No. 91, edited by P.
Channell. The workshop and these proceedings were supported by
the Office of Energy Research of the U,S8. Department of Energy,
the National Seience Foundatisn, the American Physical Society and
UCLA, Special thanks are due to Dr. David Sutter of the DOE and
Dr. David Berley of the NSF for support and encouragement, and to
Ms, Maria Gonzales for help with the organizational details.

Chan Joshi and Thomas C. Katsouleas
Electrical Engineering Department
University of California, Los Angeles
Los Angeles, CA 90024




Plasma beat-wave accelerator. Trapping in strong quasi-static field.

E.g. Two nearby lines
of the CO2 laser.

tﬂ"m‘r qﬂ"ﬂhh ‘qmpp ,‘“mlh. BEATWAVE
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Taken from: C. Joshi, The plasma beat wave accelerator. Pp. 28-43. T. Tajima and J. M. Dawson, Laser
acceleration by plasma waves. In Paul J. Channel (Ed.), Laser Acceleration of Particles. (Los Alamos, 18-23

February1982) ( AIP Conference Proceedings No. 91, AIP, NY, 1982) pp.69-93.




How to get around the problem of different dispersion properties ?

LASER LIGHT
TEMPLATE

TEMPLATE

PARTIALLY

PARTICLE TRANSPARENT
TRAJECTORY B o ep

INCIDENT ——————
RADIATION
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TRAJECTORY
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Fig. 7 The basic problem

to be solved for calcu-
E :fz 3 ))?’2 _, : lating the coupling

ELECTROMAGNETlC Fig.8 A laser accelerator feeding in
WAVES the light over two side lines. The strip
lines are used to focus and steer the
2¢ light towards the beam line in the center

Paul L. Csonka, ,,Near field” laser accelerators. In Paul J. Channel (Ed.), Laser Acceleration of
Particles. (Los Alamos, 18-23 February1982) ( AIP Conference Proceedings No. 91, AIP, NY, 1982)
pp.-213-236. AND: T. Weiland, Thin layer dielectric near field laser accelerator. Ibid. pp. 203-210.




Plasma wake - field accelerator. ‘BELLA Project’
Snapshots of the
the laser propagates

d)Lp/dz >0 d)Lp/dz <0

Trapping enabled Trapping terminated
Phase velocity can be reduced by

» Negative plasma density gradient dnc / dz <= d)Lp / dz >0

Picture taken from: Cs. Toth, Longitudinal density tailoring of a tunable lase plasma accelerator.
Presentation at ‘LEI-2011’ Szeged 2011.




TABLE 1. Example of a design of a Quasilinear 10 GeV BELLA stage and the scaled
scaled simulations.

Laser & Plasma Parameters BELLA 10 GeV 10x density
Laser Energy [J] 40 1.8
ag 1.4 1.4
Ay [Lm] 107.5 34
kalaser l 1
Liaser [£5] 57 18
Wy [um] 914

P [TW] 554 55
kpWo 5.3 53
P/P. 1.7 1.7
Linear Dephasing length [m]

Pump depletion length [m]

Stage length in simulation[m]

Energy gain in simulation

Picture taken from: W. P. Leemans, Laser plasma accelerators development and the BELLA Project
at LBNL. Presentation at ‘LEI-2011’ Szeged 2011.




