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ABSTRACT

A Workshop organised by the CERN
Accelerator School, the European Committee
for Future Accelerators and the Istituto
Nazionale di Fisica Nucleare was held at the
Frascati laboratory of INFN during the last
week of September 1984, Its purpose was to
bring together an inter-disciplinary group
of physicists to review ideas for the acceler-
ation of particles to energies beyond those
attainable in machines whose construction is
underway, or is currently contemplated.

These proceedings contain some of the
material presented and discussed at the Work-
shop, comprising papers on topics such as:
the free-electron-laser, the lasertron, wake-
field accelerators, the laser excitation of
droplet arrays, a switched-power linac, plasma
beat-wave accelerators and the choice of basic
parameters for linear colliders intended for
the TeV energy region.



FOREWORD

The Workshop was held at the INFN laboratory, Frascati, between 25
September and 1 October 1984, as a sequel to the ECFA-RAL meeting "The
Challenge of Ultra-high Energies" held two years previously at New College,
Oxford. The purpose was to bring together physicists from the accelerator,
plasma and laser fields to review progress in some of the unconventional
approaches to particle acceleration and accelerator power sources, and to
define questions deserving further study. At the same time a major
objective was to foster increased activity in these areas in Europe, and
with this in mind the organisers decided on a mainly ‘tutorial' approach
through working groups.

Following a day of invited, introductory talks there were four days
for the work of the groups, interspersed with special topic seminars, and a
half day of summary talks. The programme, including names of speakers and
the convenors of the working groups, is shown below. There were 86 active
participants of whom about 30% were from the plasma and laser fields,
indicating that a reasonably broad distribution of disciplines was
achieved. If the interest and enthusiasm generated by the discussions are
any guide, there is good reason to hope that additional effort will be
applied to the many problems of achieving higher energies.

By its nature, the workshop was not expected to generate much new
material for publication in these proceedings and several of the
presentations to the working groups and the special seminars were based on
material already in course of publication. On the other hand a few papers
on topics initiated in discussions at Frascati and pursued further
afterwards are included; a notable example is the paper by W. Willis on a
switched-power linac.

At Frascati the great technical difficulties which confront the
designers of linear-colliders when high luminosity is required, as well as
high energy, were much more clearly brought out than at the Oxford meeting
in 1982. A range of extremely challenging problems were identified which
are independent of the means of acceleration, and which are as demanding of
serious effort to reach an understanding of the boundaries of feasibility
(on emittance, bunch size, wakefield effects, etc.) as are the ideas for
new acceleration methods.
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The relationship between energy and luminosity was nicely illustrated
by Carlo Rubbia in his 'key-note' address. Unfortunately other pressures
on Carlo since Frascati - including such welcome diversions as the award of
a Nobel Prize shared with Simon van der Meer - have left him no opportunity
to write-up his paper for inclusion in these Proceedings. However the
fiqgqure on p. viii is from his talk, and shows why he called for a lumi-
nosity of 103" cm-2 s-! for an e*te- collider with a centre of mass energy
of 10 TeV. Subsequently it was suggested (by John Rees) that a new unit of
luminosity should be coined: 1 Carlo = 103% em-2 s-1.

Finally, on behalf of the organising committee (see below) we should
like to thank our generous financial sponsors CERN and INFN, our hosts at
Frascati, the speakers, convenors, and participants, our many helpers at
Frascati, and in particular Suzanne von Wartburg the CAS secretary, Barbara
Strasser, who has worked tirelessly on the proceedings, and Sylvia Giromini
of Frascati without whose efforts nothing would have been possible.

P. Bryant
J. Mulvey
Editors

Organising Committee

P. Bryant (CERN), G. Coignet (LAPP), R. Evans (RAL), K. Johnsen (CERN),
J.D. Lawson (RAL), J. LeDuff (LAL), J.H. Mulvey (Oxford), W. Schnell
(CERN), R. Sigel (MPI, Garching), S. Tazzari (INFN, Frascati), V. Vaccaro
(Napoli), G. Voss (DESY), W. Willis (CERN).
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OPENING ADDRESS

N. Cabibbo

Istituto Nazionale di Fisica Nucleare, Ufficio di Presidenza, I1-00186 Rome.

1 am pleased to be able to welcome you here today to this Workshop.
Whenever one speaks about accelerator techniques, at some point one shows
the so-called Livingston chart, but today will be an exception because I do
not have it with me. This chart shows that the energy of accelerators has
been increasing exponentially with time. Now this increase has been made
possible by a succession of what one could call "phase transitions", and
these transitions are the ways in which we conceive accelerators and
accelerator building.

One transition in fact, took place here in Frascati and this was the
so-called ADA project, which was the birth of the concept of particle-
antiparticle colliding beam accelerators and has not this kind of accelera-
tor dominated our physics in the last fifteen to twenty years? There are
other transitions that you may not recognise as transitions in accelerator
technology but they are no less important. One of them has certainly been
the founding of CERN, which opened the era of international collaboration
for accelerator building. Another transition is what you could call the
"exo-geographical transition" and it is also connected with CERN. The idea
is that you can build an accelerator, such as the SPS, without owning the
land on which, or rather under which, the accelerator is built. Now this
transition is a new idea in accelerator building, and it is certainly one
which has been essential for enabling Europe to remain at the forefront of
the accelerator field. We could not build new large accelerators in Europe
if we could not build them underground in this way. It is this transition
that has rendered possible the next generation of machines such as LEP;
machines so large that in order to perceive them you will need a geographi-
cal map. Once you accept the dimensions of LEP you have within the next
ten to fifteen years the possibility of further increases of energy with
the conception of machines of similar dimensions, but machines which are
proton-proton machines and not electron-positron machines.

At this point it seems that our ideas end, in the sense that it is
difficult to conceive that you could go much beyond LEP dimensions for the
next stage. So if we want to explore yet higher energies and if we want to
keep pace with this famous Livingston extrapolation of energy versus time,
we have to invent something new, something of the kind that you are going
to discuss here. I think this Workshop, although it is discussing ideas
very far from practical realisation at the moment, is certainly an impor-
tant step for what we will be doing in maybe twenty to thirty years. So
good work, and thank you.
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LASER ACCELERATORS: WHERE DO WE STAND?

J D Lawson
Rutherford Appleton Laboratory, Chilton, Oxon, 0X11 0QX, UK

ABSTRACT

Numerous proposals for accelerating particles using
laser light have been made over the past twenty years.
After a brief historical review the current status of
four categories of accelerator is reviewed. These are
1) near field (e.g. grating), 2) far field (inverse
FEL) 3) inverse Cherenkov, and 4) beat wave.

HISTORICAL INTRODUCTION

It is now twenty—two years since the first published paper, by
Shimoda1), proposing the use of a laser to accelerate particles. The
mechanism described was the inverse Cherenkov effect in a gas. In the same
year (1962) Lohmann in an unpublished IBM report proposed the use of
illuminated gratings to exploit the inverse Smith-Purcell effeth). He
also considered acceleration in the fields near dielectrics in which total
internal reflection is occurring, and noted that the Ez field associated
Wwith these surface waves drops to zero as their phase velocity approaches
that of 1light. To overcome this problem he proposed the use of fields

midway between two surfaces. In 19803)

Palmer pointed out that single-
sided grating systems can support waves for which Ez is finite whenB%X 1
provided that kL > 0. This corresponds to waves moving at an angle other

than 90o to the grating lines.

Another scheme, now recognised as a form of the 'two wave' interaction
used in the free electron laser was proposed by Kolomenskij and Lebedev in
1966u). This was again proposed independently by Palmer in 1972Ha).
(Indeed, Palmer suggests the free electron 1laser, at that time only
considered in quantum mechanical terms). The physical principle used is
essentially that put forward in connection with microwave tubes by Gorn in

19"75), and embodied in the ubitron millimetre wave generatorﬁ).

In 1972, Rosenbluth and Liu analysed the setting up of a longitudinal
electrostatic plasma wave by two coincident laser beams of frequencyw and
w + “)p7)' A proposal for an accelerator based on this prineciple, g?e
'beat-wave accelerator', was made by Tajima and Dawson in 1979 °.
Essential modifications to deal with the problem of phase slip were later

made by Katsouleas and Dawsong).

Many papers on the laser acceleration of particles have by now been
written, and other suggestions have been made. Some of these are not

sufficiently developed to be readily intelligible, others seem to be
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fallacious, and yet others, though maybe of interest, are unlikely to be
relevant to ultra high energies.

CATEGORIES OF LASER ACCELERATOR
2.1 Introduction

There are many ways of classifying laser accelerators; here the three
basic categories identified at the Los Alamos workshop10) will be used.
First, we note that it is not possible in free space to have a wave with
phase velocity v< ¢ and an electric field in the direction of propagation.
To produce a slow wave, the presence of some matter is required. This can
be in the form of a dielectric or plasma medium through which the beam
passes. Alternatively, it can take the form of a periodic metal structure,
or a dielectric rod or slab. The particles in this case travel in vacuunm
close to the structure. Conventional synchrotrons and 1linacs fall into
this class, the 'structure' in this case being an array of cavities, (or a
few cavities repeatedly traversed).

If no matter is present, two waves of different frequency are re-
quired. In the inverse free electron laser one of these 'waves' is the
magnetic wiggler, which has finite k but zero frequency. In such schemes
the accelerated particles execute transverse as well as longitudinal
motion.

In the next sections we examine the possibilities and constraints of
these various approaches. The category of 'media' accelerators can be
conveniently be divided into two, depending on whether the medium is a
dielectric or a plasma.

2.2 Near Field Accelerators

The simplest form of slow-wave, with phase velocity less than ¢ and a
component of E in the direction of propagation is the evanescent plane
surface wave. This can be supported by a grating or plane dielectric
surface. If the phase velocity in the z-direction is g c, then the field

decay distance is RyX and the ratio of the field components 2 Hx : E ¢ E

o ’
H

z
178 ¢ 1/8y .

As y + Ez/Ey + 0 and so a single wave component is not suitable for
acceleration of relativistic particles.

where y 1is measured perpendicular to the surface, is 1

There are two ways out of this difficulty. Waves can be combined in
such a way that on a symmetry plane or symmetry axis the transverse fields
cancel. In the limit of B » =, Ez remains, but the transverse fields
rapidly grow away from the axis, equalling Ez at a distance of order X .
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Such waves are familiar in disc loaded linacs, or fourier components of
fields in cavity arrays. The constraint associated with this configuration
is that particles must be near the surface. Furthermore, symmetry requires
a closed rather than open system.

The second alternative is to retain an open system, but to make k
non-zero. (This is Palmer's suggestion for a plane grating). In order to
contain the field either a boundary must be provided, or a cylindrical
system with finite azimuthal mode number used. For example one might use
an inside-out disc loaded guide, or washers mounted on a solid rod. Another
possibility would be a dielectric coated rod.*® A compact transverse pulse
on a wide grating will not propagate withouz d%sper31on. Lack of symmetry

11

in an open system gives problems in focusing

Both closed and open systems would be physically very small at optical

wavelengths. All the criteria for designing conventional linacs apply.

2.3 Far Field Accelerator

Far field accelerators depend on the 'two-wave' interaction, sometimes
known as the Compton effect. To demonstrate the physical features of this
interaction we consider two oppositely travelling circularly polarized
waves, with opposite helicity, interacting in a resonant manner with a
relativistic particle. Imagine first a near-relativistic particle moving
at velocity B 2 in the same direction as a circularly polarized plane wave
with frequency Wy Viewed in the laboratory frame the particle experiences
a constant field E1(1 - B z) perpendicular to the direction of motion
rotating at an angular velocity w1(1 - Bz). Suppose now a wave is coming
in the opposite direction with frequency w 2° This will give rise to a
rotating force E2(1 + Bz). The effects of the electric and magnetic fields
add, and a particle of rest mass m/ moves in a helical orbit of radius
(1 + s)eE A m w% and wavelength 2nc/w 1 +B ). This imparts a transverse
velocity antlk which is equal to (1 + B ) eE/ym ROP If, now, the two
fields are made resonant, by choosing w 1&32 = (1 +B8)/(1 =~ B):Myz, the
field from the first wave rotates at the same rate as the particle rotates
along the helix. The electric field from the first wave can be resolved
into two components, one along the helix and the other perpendicular to it.
Particles will then receive continuous acceleration or deceleration
according to their phase on the helix. As presented, this analysis is only
valid when +y 6 s? where g s is the spiral pitch, is small; when this is not

so the factor 4y~ between the two wave frequencies is reduced.

#) A further suggestion, a 'structure' consisting of two adjacent rows of
spheres was made at the meeting by Palmer.
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Since the transverse velocity is much less than Bzc, the accelerating
field and particle motion are almost perpendicular; the interaction is a
second order effect and needs very high fields in the short wavelength

(laser) beam if a high accelerating gradient is to be achieved.

The second wave could be replaced by a guided wave, furthermore its
direction can be different provided +that the appropriate resonance

condition is fulfilled'2).

In practice it is probably more convenient to
replace it by a twisted transverse magnetic field. This is done in the
free electron 1laser. This has the same effect, and forces the particle
into a helix of wavelength equal to A the twist length. The relation(u1/w2
=4yz is replaced by A /)x1 = 2y’2. Sometimes it is more convenient
experimentally to replace the twisted magnetic field by a transverse one
which alternates in sign. Motion is in one plane only, but the general

principle of operation is the same.

Fortunately the theory of free electron lasers is well developed, and
may readily be used in assessing the potential of the two wave and wave
plus wiggler (IFEL) schemes. Synchrotron radiation imposes a 1limit for
electrons, and the problem of focusing the laser light over long distances
is difficult. A waveguide with glancing incidence has been proposed for
this13 .

2.4 Inverse Cherenkov Accelerator

In a medium of refractive index n a plane wave at an angle less than
cos—1(1/n) to the z-axis has a phase velocity less than that of light in
free space. Furthermore, there is a component of electric field in the
direction of propagation. Such a wave will accelerate particles passing
through the medium. Obviously this must not be too dense, or the particles
will be scattered. If it is too dilute, however, oos-1(1/n) is small, and
the accelerating field is small compared to the transverse fields. As with
near field accelerators a cylindrical geometry can provide a pure z-field
on the axis, but transverse fields are necessarily large elsewhere. The
performance is thus 1limited both by scattering and breakdown in the

dielectric. The problem has been analysed by Fontana and Pantell1u).

2.5 Beat-Wave Accelerator

In a plasma, longitudinal electrostatic waves ('Langmuir waves') can be
propagated. The plasma frequencyu,p = (nez/eomo)% is independent of k, so
that the group velocity is zero. The field arises from alternate bunching
and rarefaction of the electron density, and has a limiting value when the

rarefaction has reduced the local density to zero. Of course the waves are



-7 -

highly non-linear near the limiting amplitude, and the critical field is

- - 2 3 3
Ez = Q mocwp/e = (moc /eo) p

whereq is a gonstant of order unity. It is interesting to note that this
expression is independent of k, and hence of the phase velocity of the
wave. Insertion of quite modest plasma densities yields spectacular values
of Ez'

The question is, how can we set up such a wave? Tajima and Dawson's
suggestiona) is to use two lasers with frequencies w 1 andus1 + W " This
sets up a 'beat-wave' with wavelength about 2c/wp. The gradient of (Ez)
associated with this beat-wave represents a ponderomotive force which
builds up the plasma wave. For collinear laser beams the group velocity of
the laser waves, c¢ (1 -w2p4?1)%, is equal to the phase velocity of the beat
wave; it is therefore resonantly driven as the waves pass through the
plasma. The physics in a real plasma is very complicated and highly non-
linear at field levels of interest. It is not at all clear what happens in

practice. To find out, experiments are needed.

The attraction of the scheme is that very much higher fields appear to
be possible than in any of the other proposals. It has been suggested that
the difference in phase velocity between the particles and the beam be
overcome by staging, or not having all three beams (particle and laser)

collinear9’15).

PRESENT STATUS AND FUTURE PLANS

3.1 Introduction

In this section the present status of the various concepts is noted.
Some suggestions are made with regard to further action. The vital
question of obJjectives is not discussed here, but a series of questions
posed to help to define these more clearly is discussed in a companion

16)

paper Although specifically dealing with the beat-wave scheme the

first part of the paper is of general relevance.

3.2 Near Field Accelerators

It was argued in 2.2 that near field laser accelerators are essentially
miniature linacs. A1l the same criteria apply for assessing their
performance and usefulness. Perhaps a broad general survey, from decimetre
to laser wavelengths, would be a more profitable enterprise than looking
only at laser wavelengths. It might be of interest to study the

implications of open waveguides at 1longer wavelengths, (this has been
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started at Cornell, by Tigner and Pickup).

3.3 Far Field Accelerators

Both two beam and beam plus wiggler schemes were studied at the Los
Alamos workshop. Two difficulties were identified; first, that of focusing
the laser beam over long lengths, or alternatively of staging, and second,
synchrotron radiation loss which becomes very severe at a few hundred GeV
for electrons. At Oxford in 1982 a modified design capable of going to

higher energies was presented by Pellegrini17),

and the use of a waveguide
with transverse dimensions of many wavelengths, operating in the lowest
mode was suggested for transporting the 1laser 1light. More specific
proposals for the waveguide, in which two walls are loaded with a thin

dielectric coating, were later given by Pellegrini et a113).

The basic physical foundation for this concept is sound and well
understood. The task is now to arrive at some sort of realistic design
that has interesting parameters and acceptable cost. This requires good
liaison between laser and accelerator physicists, and a great deal of

detailed work. The task should, however, be straight-forward.

3.4 Inverse Cherenkov Accelerator

Relatively 1little work has been done on the inverse Cherenkov
accelerator. Some sketchy ideas for an accelerator were outlined at Los
Alamos, and a proposal for some experiments made. The most complete
assessment of the concept is in ref.12. Viewed in the 1light of the
requirements for high energy particle physics does this remain a concept
wérthy of further investigation? The physics is fairly well based, and any

study requires the co-operation of laser and accelerator physicists.

3.5 Beat Wave Accelerator

It is in this, the most 'exciting' of the proposals, that the physics
is most uncertain. The link between the physical process and some sort of
credible 'scheme' has not yet been made. An excellent start in this
direction was made by Ruth and Chao, though their work seems to have made
little impact18). An attempt to follow up their idea and look at some of
the requirements for an actual accelerator was made by the RAL study
group19). This showed formidable problems, but again no comments have been
received. If the accelerator community is to make any progress, simple
relationships (maybe containing uncertain numerical factors) between the
basic parameters must be available. It is important that accelerator
physicists acquire some understanding of the plasma physics, and also that

the plasma physicists find out what it is that accelerator physicists need
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to know and are trying to do. Laser experts must be in close touch to say

what can, in principle and in practice, be done with lasers. Some basic

questions are set out in a companion paper‘s).

CONCLUSION

The way ahead for further systematic investigation of the schemes that
have been proposed for laser acceleration of particles is clear. It is im-
portant now that their potential is measured against the presently per-

ceived requirements for particle physics research in the next century.
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Discussion

T. Tajima, Texas

It is very important to reduce the beam area to extremely small values
in order to get the necessary luminosity without an enormous increase in
the cost of energy input. Perhaps one task in the Workshop should be to
examine such a question?

Answer

Agreed; this is one of the items listed in my 'Twenty Questions', in
these proceedings.

A.A. Kolomensky, Moscow

I want to remark that along with FEL and IFEL devices based on the
application of transverse magnetic field, similar systems can also exist
with longitudinal magnetic field. Such systems are based on the auto-
resonance effect discovered by A.N. Lebedev and me in 1962. They can be
used for laser acceleration of particles and for effective wave generation
(in the latter case they are called cyclotron autoresonance masers).

The effectiveness of IFEL depends on the factor K/y, which can be made
large enough by means of increasing the magnetic field pl. As to the

1imit of the FEL action it will be finally set by synchrotron radiation.

Answer

You need large B, for resonance at laser wavelengths; as you say
the main application is to cyclotron masers (gyrotrons).
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P. Krejcik, Jdiilich

You seem to have glossed over the importance of laser efficiency as a
power conversion device. You mentioned 5% efficiency. Can you comment
some more about the fact that the acceleration devices might be small
enough to build but the power stations we need to drive them might be the
limiting factor.

Answer

This aspect needs further consideration, but of course one hopes for
more efficient Tasers in the future! There are two aspects to this prob-
lem, first getting the energy into the laser-light, and then getting it
from the laser-light into the particle; both these efficiencies have to be

multiplied together.
P. Krejcik

If we look at present day linear accelerator structures, we could up-
grade their energy gradients no end if we could afford the power.

Answer

This is an important point. The first thing that people see about
machines is they are too big; the obvious thing to do, then, is to make
them smaller by using high fields. But with an ordinary linac that the
optimum solution is not the one with the highest gradient, because the
power goes up as E2. The Stanford linac for instance would be less effi-
cient if you went up to a higher field.

R. Evans, RAL

Recent reports have given efficiencies as high as 15% in some of the
krypton fluoride lasers, which is putting a new light on the inertial con-
finement fusion business and it is also relevant for efficiency as far as

accelerators are concerned.
L. Hand

What is the acceleration efficiency of the Pellegrini IFEL?
Answer

This certainly needs to be studied; it should be possible to make a
good estimate since the IFEL is relatively well understood.



- 12 -

A. Renieri, Frascati

I agree with you and have a personal comment. 1 believe that laser
acceleration must now be investigated but not 1imiting the consideration to
existing lasers. We need a better understanding of possible IFEL systems,
and I believe it may be possible to utilise an FEL for driving these accel-
erators. For example some schemes transform the energy of the primary beam
in an FEL and then transfer the energy of the electromagnetic wave into
high energy electrons in the IFEL. 0f course, it is important to under-
stand if it is possible to accelerate efficiently and then it may be pos-
sible to construct an ad hoc system. 1 believe that the results 1in
electron lasers are now good enough to give us confidence in this.

Answer

I agree that this is a direction which it would be useful to follow.
A. Renieri

If you compare a linear accelerator with a given electric field and an
IFEL, the effective field in this laser accelerator is some value of K, the
parameter of undulators, divided by y. K is proportional to the magnetic
field, so in principle you can have very high K, but of course y acts in
the reverse direction. I think the most critical factor is the synchrotron
radiation which will put a limit on this.
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TWO-BEAM, WAKEFIELD AND MILLIMETER-WAVE ACCELERATORS

T. Weiland
Deutsches Elektronen-Synchrotron DESY, Hamburg

INTRODUCTION

The collection of topics addressed in this paper has the common feature that they
all are thought of as new techniques for a future high-gradient linear col]ider; However,
apart from the fact that in all the three schemes (Two-Beam, Wakefield and mm-Wave) a me-
tallic structure is used for guiding electromagnetic fields, they have very little else in
common., Thus, I will simply describe them sequentially;

The common goal of these new ideas is to enable the construction of 1 TeV (say) 1i-
near collider for ete” physics at a reasonable cost, i.e. at a reasonable construction
cost (i;e. a short overall length) and at a low operational cost (i;e; high efficiency)l
From this goal and from particle physics aspects‘) one can derive the main parameters:

center of mass energy Ec.m, = GeL = 1Tev
total length LS 10 km
accelerating gradient G 2 100 MeV/m
total wall plug power <P>s 100 MW
luminosity L 2 102m™?s!

At this point it is useful to emphasize that it is more important to establish a
10 km long linac with a high average gradient than to try to maximize the achievable gra-
dient for short stretches.,

Only recently very high gradients have been achieved at SLACZ) and Novosibirska) in
standard structures using very high power per unit 1ength; Although these schemes demon-
strate the technical possibilities, they would be rather expensive when used over a length
of 10 km for a TeV collider.

However, standard structures such as the SLAC linac (see figure 1) already provide a
good starting point for investigations of how to improve gradients and efficiency.

3.5cm 3.1cm

.+ —  — — — — | — — | — — —

Figure 1: Typical section of the SLAC linac accelerating structure.
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MILLIMETER-WAVE ACCELERATOR

The accelerating gradient G in a standard rf structure is given by 4
G=/PR,
P' : peak power per unit length
Re : shunt impedance per unit length

In order to improve on G we can make use of the scaling laws for the shunt impedance

(R/Q)" o f
Qo £¥/2
Re = ) g™
f : rf frequency
Q : quality factor
(R/Q)' : geometric impedance per unit length

These scaling laws favour high frequencies and in themselves indicate no limitation,
However, the accelerated electron/positron bunches excite electromagnetic wakefields when
they pass through the accelerating cavities. These self-fields are considered today to be
the main limiting factor for the luminosity in high energy accelerators, In many existing
and future machines (e.g. PETRA, SLC and LEP) these wakefields are and will be a severe
problem,

By scaling all dimensions (cavity radius, iris hole radius, bunch Tlength, see fi-
gure 1) down as f~! we find that the decelerating self-fields per unit length increase
like f2 (transverse wakefields scale even worse than f3) and thus the maximum number of
particles per bunch scales as f 2 when the limitation is given by these fields.

Another limitation is given by alignment errors of long accelerating structures,
Transverse self-fields caused by misalignment depend strongly on these errors and are
found to be one of the most severe problems for the SLAC collider SLC 3), Using standard
techniques of fabrication the highest frequency currently under consideration is around
35 GHz, 12-times the SLAC linac frequency.

The second ingredient for increasing the gradient is the maximum rf power available,
For a 1 TeV linac made out of SLC structures one needs of the order of 200 GW peak power
(i;e. some 5.000 SLAC klystrons). The obvious way to overcome this high number is to in-
crease the peak power per klystron to 1 GW (say) and intense investigations towards this
goal are under way in SLACG) and Japan7). A very promising new type of power source is the
so-called "photo-klystron" or "lasertron". This idea originated in SLAC and is being in-
vestigated there with computer mode]inge). The results of a small "proof of principle" ex-
periment have already been reported from Japan7’°). Figure 2 shows the S-band model of a
photo-klystron, for more details see references 7 and 9, Together with the high power kly-
strons, new accelerating structures have to be developed with a high group velocity in or-
der to allow large distances between klystrons and short pulse duration and the so-called
"jungle gym" and "Disk and Washer" structures look promising.
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RF-Power
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Figure 2: S-Band model of Lasertron (from ref, 7).

Assuming that klystron development and the optimization of rf structures succeeds in
the near future, there is still another 1imitation for high gradients: breakdown effects.
(This is, however, not an effect specific to mm-wave structures but also for all schemes
described here). For a long time this was considered to be a "big problem", however, re-
cent experiments at SLAC and Novosibirsk showed that it is possible to exceed 100 MeV/m at
3 GHz. Thus, these phenomena appear to be not fully understood. Nevertheless, applying the
scaling law 1°):

Ebreakdown @ f
we do not expect any problem in the region around 30 GHz, Figure 3 shows a Tlimitation
chart (from ref. 10) with the latest results from SLAC added, It is most important, it
seems, that more investigations should focus on break down effects, which are much less

well understood than the three other points: shunt impedance considerations, high peak
power klystrons, wakefield effects.

100 GeV/m

TS \_\M\T

pLAS

10 GeV/mp~

1 GeV/mp~

100 MeV/m|-

10 MeV/m -

1 | 1 1 1 1 L
10cm fem | mm 100um 10 m lpm O.lum

WAVELENGTH X

Figure 3: Limitations for surface field strength (from ref. 10) with the latest result
from SLAC experiments ® added.
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TWO-BEAM ACCELERATOR

This scheme invented by Sessler!!) also employs a more or less standard accelerating
structure but scaled to run at about one order of magnitude higher frequency. The diffe-
rence between the TBA (Two-Beam Accelerator) and a standard linac is that the TBA has two
parallel beam lines. Besides the beam channel for the high energy particles there is a pa-
rallel low-energy electron beam moving along wiggler fields, These fields cause the parti-
cles to move transversely to the direction of the beam 1ine and thus to excite electromag-
netic radiation. Such a device is called a Free-Electron-Laser (FEL)‘Z). The driving beam
looses energy while radiating and has to be reaccelerated. This is done using standard in-
duction units. The essential features of a TBA are shown in figure 4,

Instead of having the two beams separated it has also been proposed to combine them
into one waveguide. The three main possibilities are shown in figure 5,

With such a FEL driven high gradient it is claimed that an accelerating gradient of
250 MeV per meter could be reached. A 1 TeV (center of mass) linear collider could then be
built within a length of 5 km (say). The average power consumption would be around 500 MW,

Experimental studies with these devices are underway at Berkeley and it is hoped to
have rf-power in the 35 GHz cavity in 1985, The cavity is a scaled SLAC ®) structure and
has already been built, The FEL is operating successfully.

High Gradient LINAC

Induction Accelerator Module

° il Eﬁ??rrrr7 N s[N[s]n[s]
Coupler ‘EB' YRy l l ! l I J
) e A e e : -——— - X
s v ] :v’{’///;s|“|s|N|S|'Ll
Accelerating Gap I .

"RF Choke’
+— Blumlein

Figure 4: Basic layout of the Two-Beam Accelerator (from ref, 11);
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1) Dual Structure

Low Energy Beam

High Energy Beam\/
2) Single Structure

Low Energy Beanm §!

High Energy Beam

3) Composite Structure

Low Energy Beam

Hligh Energy Beam

Figure 5: Three principal concepts for a TBA (from ref, 11).

Problems specific for the TBA are 1,) achieving the steady FEL operation, 2.) the
coupling of the FEL radiation to the accelerating structure (for the case of separated
lines), and 3.) the common waveguide design for the structure where both beams run in one
channel. Fig. 6 shows a possible arrangement of a driving beam which excites a waveguide
mode inside the accelerating structure for acceleration of two high energy beams. Fig. 7
shows a possible layout of a coupler system to extract FEL radiation and to feed it to a
high gradient structure using a single mode waveguide,

T k 8 cm

2 cm o @ o / Wiggler
—

1 1 L }
TITITT] Illllll>\\

High Energy Beams

Low Energy Beam

<

IA—

I I
[ I I
Induction Unit -/

(once per meter)

Figure 6: Possible structure of a TBA with both beams in the same waveguide.
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HIGH GRADIENT STRUCTURE
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Figure 7: Extraction of rf into the high gradient structure by tapers;

WAKEFIELD ACCELERATORS

When a bunch of charged particles traverses a beam pipe with varying cross-section,
electromagnetic waves are excited, Fig. 8 shows a typical example of a bunch passing an
iris loaded circular waveguide. These "Wakefields" exert a decelerating and deflecting
force on all particles in the bunch while they pass the region around the iris, After the
particles are far down stream the transients have settled down and we are left with a net
change in longitudinal and transverse momentum, This change (times the particle velocity)
is called "Wake Potential", Fig. 9 shows typical wake potentials inside and behind a Gaus-
sian bunch after a passage through an iris loaded pipe. As can be observed, most of the
particles are decelerated, i.e. they loose energy due to these self-fields, When the beam
does not pass exactly on axis, the particles also experience a net deflection.

BUNCH OF CHARGED PARTICLES _
Figure 8: A bunch of charged particles passing through an iris loaded circular waveguide.
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Figure 9: Wake potentials due to an iris loaded waveguide.
o =3mm, Q= 1uC, beam axis offset = 0,1 mm,
WL = deflecting force per unit length
Wy accelerating force per unit length

However, some particles in the tail of the bunch are in fact accelerated. This ef-
fect in which some particles in an ensemble can be accelerated by the scattered
self-fields was recognized long before it was possible to calculate these fields and was
named "Auto-Acceleration" %),

It was suggested later that a proton synchrotron could be used for generation of the
driving bunched beam and to inject a few electrons behind the protons so that the elec-
trons are accelerated ™), However, it follows from basic considerations that the maximum
energy that can be obtained for the electrons is always less than twice the proton energy
(for longitudinally symmetric charge densities). Apart from this rather small transforma-
tion ratio (t S 2) it seems almost impossible to create a very high intensity proton bunch
(3 x 10'® particles) with the length of only a few millimeters necessary for creating the
gradient of 1 GeV/m as claimed by the authors,

As an extension of these ideas it has recently been suggested that electrons be used
to drive the wakefields instead of protons®),

Common to all these kinds of wakefield accelerators is the problem of transverse
stability. The few tail particles (¥2 - 5 %) see the strong deflecting wakefields excited
by the whole beam (100 %). Taking into account that transverse stability is already a pro-
blem for beams at much lower currents (see e.g; SLC designs) ), it seems unlikely that
this type of wakefield accelerator will be used in a future collider. Also, no design has
been published yet taking transverse stability considerations into account.
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WAKEFIELD TRANSFORMERS

The wakefield acceleration situation can be improved significantly by generating wa-
ke potentials as shown in figure 10; As we see there is a late pulse in the potential that
is much larger than the decelerating potential inside the driving bunch, As we know from
the previous section, such potentials cannot be obtained by sending the two beams (the
driving and the accelerated particles) down the same line, Thus, structures that can in
fact transform wake potentials to much higher values must have two spatially separated
channels.

+
A W“(S) Wmax

Figure 10: Wakepotential with a higher accelerating pulse than deflecting pulse,

The idea of "Wakefield Transformation" ') can be understood best by considering the
fields generated by a hollow, "wedding ring" shaped bunched beam, see figure 11. Wake-
fields are generated when the hollow beam enters. Subsequently a collapsing wave packet
travels towards the center of the pill box after being reflected at the outside wall (That
is why the pulse is positive!). During that time the volume of the wave packet decreases
(neglecting dispersion for the moment) and thus increases the field strength,

When we assume that the wave packet has the same length (L) as the driving beam we
find a transformation ratio t of the field strength

t2 Volume at r

_ R _ 2mR-L _ B8R
Volume at r

0 Ly2 L
%)

For L=5mm, R =5 cm we obtain t » 9, Exact calculations have been performed for the
wake potentials shown in figure 8 by the computer code TBCII7) using the dimensions given
above and it was found that a hollow beam of 1uC, R = 5 c¢cm and about 2 mm r.m,s. length
can generate wake potentials of the order of 200 MeV/m or more,

At DESY - after a year of theoretical studies - an experiment has been started to
test this scheme®?1?),
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Figure 11: Hollow beam entering a pill box cavity with a slot and
qualitative fields showing a collapsing wave packet.
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The overall layout of the DESY experiment is shown in figure 12, A hollow electron
beam of several hundred amperes and 2ns length in time will be extracted from a laser dri-
ven gun. The hollow beam will be bunched and accelerated to 8 MeV in a Tinac. The accele-
rating system consists of four 500 MHz-cavities and a 1 MW Valvo klystron (pulsed).
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Figure 12: Layout of the Wakefield-Transformer Experiment at DESY.

After acceleration the hollow beam will be further compressed longitudinally and ra-
dially before it enters the wakefield transformer,

The entire system is surrounded by solenoid coils which provide the force needed to
maintain the hollow beam shape.

In the wakefield transformer (Length = 40 cm) the ring beam will generate a wake-
field that will, if it works, accelerate a co-travelling central test beam at a rate
above 100 MeV/m. Calculated wake potentials for the transformer are shown in figure 13,

The experiment is well under way and it is hoped to have first results in 1985,
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Figure 13: Wakepotentials for the experimental setup as calculated.

1 driving beam density

2 driving beam decelerating potential, Wy, = 20 MeV/m

3 accelerating wake potential for e]ectrons, Wpax = 157 MeV/m

4 accelerated beam density

5 decelerating wake potential of the accelerated beam, wm1n = 7.3 MeV/m

6 acce]erat1ng wake potent1a1 for positrons, Wnax = 110 MeV/m
Driving Beam: 0 = 2 mm, R = 5 cm, Q 107¢

Accelerated Beam c=2m, Q=10"°
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A TeV collider based on the wakefield transformer concept could have two kinds of
layout as shown in figure 14, If it is possible to keep the driving ring beam clean and
stable over a long transformer section, one would first generate the medium energy driving
beam only once at the beginning and then transform its energy to the high energy beam over
the whole 1ength; If it turns out that the hollow beam does not survive long transformer
sections, a multiple stage system could be used where a fresh driving beam is generated at
the beginning of each section.

Theoretical and experimental studies have also been reported from Japan2°), where
e1liptica11°) tranformers are being tried.

Common to every wakefield transformer accelerator is the problem that the driving
beam must be intense (10'2-10'® particles) and short in time (10 ps) in order to achieve
high gradients. Thus the real limitation could well be located in the low energy preacce-
lerator where space charge forces counteract bunching and focusing;

— Collision Point
-Final Focussing
Wake Transformer

Preaccelerator
Gun

Wake Transformer

Preaccelerator

Figure 14: Layout of a large Wakefield-Transformer colliding beam facility
with single (top) and multiple stage (bottom) version,
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Discussion

J. Nation, Cornell

I would like to make one comment and ask one question. The comment
refers to the auto-accelerator configuration of the wakefield accelerator
which I think you should not dismiss quite so readily, not because of its
promise for high accelerating field gradients, but because it allows a
means to recover energy from your beam and if you are worried about power
consumption, energy recovery is rather important. The question is that I
remember at the Oxford meeting that Burt Richter very succinctly pointed
out that when you get up to fields of 100 MV/m near a surface, everything
field emits. Clearly, it will help if you are going up to very high fre-
quencies and reduce the duration of the field, but has any further thought
been put into this? Is 500 MV/m a realistic goal in a near-field device?

Answer

Let me first reply to your comment: I think energy recovery from a
linear collider is not worth the effort.

Now let me answer your question: in practice I think this factor of
two is more encouraging than it looks because what counts after all is the
total gradient for total length, and even with a factor of two over a short
distance you might have a high gradient of the order of 500 MV/m on aver-
age. But the reason I am putting it down nevertheless is because it has
not been 1looked at carefully in regard to problems of transverse wake
instabilities.

On the breakdown limit: it does not exist even at 3 GHz and 100 MV/m,
which is 200 MV on the surface. No more thoughts have gone into that from
our side, we just hope we should be much better because our pulse length is
just half a wave; there should not be any resonant system that is better
than this one.

L. Hand, Cornell

I thought Tom emphasised very well the fact that the main limit is
power. In any of these schemes has anyone seriously thought of designing
some form of energy storage into the system? What you need is peak power
for acceleration and you would like to be able to make the energy available
and then store it again in some way. I know there are nebulous schemes for
doing this with superconducting rf cavities, but have any of those schemes
been examined with respect to linear accelerators of these types?
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Answer

In the wakefield accelerators the energy is stored in the ring. You
can compare the efficiency, say with a normal accelerating structure
limited by some maximum field strength, and then take only a tenth of the
structure and add the wakefield transformer. You find out that the effi-
ciency goes up. In percent I do not know what the efficiency is. I do not
have an example for a TeV collider.

L. Hand

My point is that for a TeV collider if the efficiencies are the same
as they are now it looks very difficult unless we use some form of energy
storage. Maybe you get around that with a wakefield but I do not see how.

B. Zotter, CERN

I would 1like come back to the breakdown problem. It is not the ques-
tion of just having a single shot device. I think in all linear colliders
you need a high repetition rate to get a high luminosity and if you have
breakdown you will have plasma formation inside your waveguide. What is
the 1imit on the repetition rate?

Answer
At SLAC 100 MV/m were reached at 3 GHz, and for the assumed law of
proportionality to f one could get 1 GV/m at 30 GHz, so I do not see a

problem yet.

G. D6me, CERN

About the peak-field 1imit due to breakdown, is the dependence on fre-
quency given by Kilpatrick's criterion obsolete? According to Kilpatrick
the peak field grows like the square root of the frequency, rather than the
first power.

Answer
Clearly more experimental checks are required, that is why we are

planning experiments at DESY. We do not know a good theory for pulsed rf
breakdown.
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D. Chan, Chalk River

This 1is just a comment on the Kilpatrick 1limit. It is only a
guideline for cw conditions and for pulsed mode it does not apply. SLAC's
110 MV/m is an experimental result.

J. Rees, SLAC

We hear much about peak fields forming the ultimate limits on the
acceleration mechanisms we are talking of. The present practical Timits on
klystron performance at SLAC for the SLC is repetition rate, not peak
power. In luminosity the repetition rate ijs very important and may form
the ultimate stumbling block in any scheme, particularly if you want to
achieve the unit of luminosity which Carlo Rubbia was talking about this
morning, which I suggest we call the Carlo (1 Carlo = 103% cm-2 s-1). oOur

machines are now running at a milliCarlo.

I think many of these new schemes, the wakefield or the two-beam
accelerator, have the possibility of greatly increasing the frequency with
which you have pulses and therefore the average power. We have to consider
how frequently we can make rings, or in our case how frequently you can
send pulses of electrons through the FEL and how quickly can you make the
induction unit work and so on. We think that both these devices will be
rather good as far as the repetition rate is concerned.

A.A. Kolomensky, Moscow

In the seventies in our laboratory, the Lebedev Institute, Moscow, a
series of experiments on auto-acceleration has been conducted. In particu-
lar we forced an intense pulsed electron beam (0.7 MeV, 10 kA, 40 nsec) to
propagate in a waveguide tuned to a wavelength of 10 cm. We found at the
waveguide output that about 10% of the electrons had doubled their energy
and 2-3% had trebled their initial injection energy. It is worthwhile
noting that this process was accompanied by relatively powerful microwave
radiation ~ 10 MW at A» = 10 cm. I should also like to draw your attention
to the fact that the first theoretical paper on acceleration was published
in the soviet journal "Atomnaja energia" by a group of authors from our
laboratory in 1971. In this paper, the conception of and the term for
autoacceleration were introduced for the first time.

Answer
I apologize for not having made reference to you! About the factor of

3 in energy gain, I should like to mention that my statement about a factor
of 2 being the maximum applies only for symmetric short bunches. If you
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have a longitudinally asymmetric bunch you can get about any transformation
in gradient; but if it is a short symmetric distribution you can never get
more than two.

R. Palmer, Brookhaven

While we are talking about power sources I hate to mention lasers
again, but of course, one of the attractions of lasers is not just that the
wavelength is short, and therefore some of these problems like the break-
down may go down considerably, but the fact that one can relatively easily
obtain lasers with powers of 1011 watts. And of course, a laser is so
attractive because it is a storage mechanism that you put the energy into
over a relatively long time and then you can get it out over a picasecond.
Although I have always been interested in lasers operating with gradients
of 10 GV per metre it is interesting to speculate on what gradients we can
get without destroying a grating and it seems quite Tikely, after what you
have said, that one will be able to get up to at least a one GV per metre.
Certainly the power is there from the lasers and it would seem likely that
breakdown would not occur at those levels. Whether we can get the wake-
field effects and things under control is something we have got to look at.
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THE BEAT-WAVE AND SURFATRON ACCELERATORS FOR PARTICLES

J.M. Dawson
Department of Physics, Univ. of California, Los Angeles, CA, USA

In the main the work discussed in this talk appears in the Proceedings
of the International Conference on Plasma Physics, Lausanne, Switzerland,
from June 27 through July 3, 1984, and consequently only an abstract of the
highlights will be given here; the interested reader is referred to the
above paper for more details.

The possibility of using intense space charge plasma waves to accele-
rate particles to high energy is considered. These are of interest because
of the very strong electric fields that can be generated. Wave breaking
theory predicts that fields as large as E = /ng volts/cm can be achieved;
numerical simulations using relativistic particle models of the plasma show
fields up to 0.7 of this amplitude. Such plasma waves have phase velocity
wp/kp where wp is the ©plasma frequency (wp2 = 4gzne?/me) and kp
js its wave number. The phase velocity can be close to that of light.
One way to generate such waves is to propagate two intense light beams
through the plasma with a frequency difference equal to the plasma
frequency. The non-linear j x B force sets up a plasma wave with a phase
velocity equal to the group velocity of the 1light through the plasma,
Vg = c(l-wpz/m2)l/2; if the 1light frequency is large compared to the
plasma frequency, the group velocity (and hence the phase velocity of the
plasma wave) is close to ¢ and the plasma wave is very effective at accele-
rating particles to high energy.

The generation of the beat wave has been simulated using a two-dimen-
sional fully electromagnetic fully relativistic particle code. Two
electromagnetic waves of finite width are launched into the plasma. The
electromagnetic waves exhibit self-focusing to what appears to be a stable
beam width of diameter a few times c/wp. The accelerated electrons are
also found to self-focus.

There is a maximum energy to which electrons can be accelerated which
is 2mec2w2/wp2. If a magnetic field is introduced into the plasma per-
pendicular to the direction of wave propagation, then a particle being
accelerated by the wave also experiences an acceleration parallel to the
phase fronts of the wave. This acceleration allows a particle to phase
lJock with the wave and remain in an accelerating phase (a particle moving
at ¢ can have the component of its velocity parallel to the direction of
wave propagation equal to Vp). In this way the particle can in theory be
accelerated indefinitely. This is the Surfatron concept. The phase lock-
ing tends to cause all particles to experience the same acceleration and
hence it should produce relatively little energy spread.
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There 1is another method of accelerating particles using the beat-wave
approach which appears to offer much promise for producing high quality
very high energy electrons; it is essentially the method first proposed by
Tajima and Dawson with the single modification that preaccelerated elec-
trons are introduced into the plasma for acceleration to high energy so
that the background electrons are not picked up. The situation is shown
schematically in Fig. 1. An intense laser pulse propagates through the
plasma at its group velocity Vg = c(l-wpz/mz)l/z. It generates a
wake of intense plasma oscillations. In a frame moving with the pulse the
electrons are seen as streaming backwards. The intensity of the 1laser
pulse is chosen so that the plasma wave does not reflect the bulk elec-
trons. However, the preaccelerated electrons in the plasma have a lower
velocity relative to the pulse and can be reflected. If the preaccelerated
electron beam is of high quality the reflected beam should also be of high
quality. Preacceleration to an MeV (or perhaps several) should be suffi-
cient. Since the beam extracts energy at the front of the wake plasma wave
there should be no problem with plasma turbulence and the intensity of the
wake plasma wave should be able to reach values as near wave breaking. The
accelerated particles extract energy early from the plasma wave so it
appears probable that they can withdraw a substantial fraction of its
energy. If they extract 10% of the plasma waves energy they will decrease
its amplitude by 5% which appears quite modest. Extraction of 20-30% of
the wave energy does not seem out of the question. Since the laser pulse
can be made self-focusing there does not seem to be a problem in propagat-
ing such a pulse through tens to hundreds of meters of plasma. A 0.25
laser pulse propagating in a 10t6 density plasma should be able to
accelerate electrons to about a TeV.

Editor's Note

The following reference is also relevant.

C. Joshi, W.B. Mori, T. Katsouleas, J.M. Dawson, J.M. Kindel and
D.W. Forslund, Ultrahigh gradient particle acceleration by intense laser-
driven plasma density waves, Nature Vol. 311, 11 October 1984, p. 525.
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Discussion

B. Montague, CERN

Plasma densities like 10!® may seem rather low to plasma physicists,
but if they would permit 1 TeV to be reached in a hundred metres this would
be very impressive!

Answer

I agree and I think that potentially this is possible if you had a KrF
laser and a pulse of about 10 ps. I do not think you can use much more
than that because the whole thing becomes turbulent.

Question

In this electron pulse excitation plasma, how short do the electron
pulses have to be, sideways?

Answer

I think you want the length and width of the bunch to be something
Tike c/wp and so it depends on what plasma density you want, but if you
want really high fields then you need high wp. If you are satisfied with
low plasma frequencies, let us say a fairly modest plasma density of 101“,
that already gives you 1 GV/m. The length of the pulse is 0.5 mm, say, and
then you have to space your e]ectron. pulses so that they come in
reinforcing situations. Some of this was done in conjunction with the
people at SLAC, in fact that is where the idea first came from. They had
bunches of 5 x 10'% in 1 mm by 100 um, or something like that, and that
creates these fields with just 4 or 5 bunches. You do not need many.

A. Renieri, Frascati

Are the qualities of the laser beam critical, that is to say the
coherence, phase conservation etc?

Answer

I think they are not so terribly critical because first of all the
length of the laser pulse is only something like 10 ps long. You can use
the uncertainty principle to figure out how much incoherence you are
allowed over that length of time. In fact if you can pack more energy into
a short pulse, you can still do it, you can make it 1 ps or even a fraction
of a ps, Jjust so that you have enough punch to drive up the plasma
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oscillation in that one pulse. Actually that works out to be not too dif-
ficult, compared to what people who build lasers do. Also it looks as if
it self-focuses, and if you make the beam the proper width it self-focuses
into one channel, if you make it too wide it tends to form several fila-
ments and so you do not want to put in too wide a beam. Precisely what
that condition is we have not worked out but we have in our simulations
formed one channel and then if we doubled the size we found that we had two
channels. So there are conditions like that which you have to worry about
but I do not think they are so serious. I am more worried about whether
the wave itself creates a high quality beam of the kind of brightness that
people here are talking about.

B. Zotter, CERN

In your simulations do you always assume that the difference between
the two laser frequencies is exactly at the plasma frequency or do you take
finite fluctuations of the plasma density into account which with all the
long columns you have must be quite severe?

Answer

In the simulations we always choose the difference to be equal to the
average plasma frequency, and the fluctuations are not severe in the simu-
lations. It is an experimental problem of how uniform you have to make the
plasma density. I frankly think that it is not a serious problem. Well,
let me give you an example of a way you might do it. Fill the channel with
gas at the density you want and then put a UV flash lamp round it and just
suddenly jonise it and there it is and you do not create any big disturb-
ances in that gas. Remember it is a small channel. It depends on whether
you have long wavelength fluctuations or short ones. If you have long
wavelength effects to worry about then one thing you can do is just put a
gentle gradient in it towards the far end and that will do.

C. Joshi, UCLA

We have looked both in simulations and in an experiment to see exactly
what kind of density mismatch can be tolerated. It turns out in an experi-
ment you can tolerate a density mismatch of apparently 5%, and at the
moment, plasma sources can be made which can produce plasma densities over
10 centimetres with that kind of density tolerance. In simulations we have
put both a perturbation of 5-10% and also an almost arbitrary step mismatch
and again if you have up to about 54 mismatch then you can still set up a
reasonably coherent plasma wave. If it is anything larger than that, then
you very rapidly get a plasma amplitude that is both incoherent and also
quite small.
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W. Willis, CERN

We should remember that we are not just talking about linacs but col-
liding linacs. So there are two kinds of beam quality that you might think
about. One is what kind of beam emittance comes out of the end of the
linac, the other is what is its position in absolute space or, if you like,
relative to the beam that is coming at you the other way. So that means it
would be sad if I had at the end of my 100 metres a quarter of a micron
beam and it was not in the same quarter of a micron as the other beam.
That must imply a tight tolerance on the plasma uniformity.

Answer

I am sure it does. There are alignment problems and this is a unifor-
mity problem that may affect the alignment.

J. Mulvey, Oxford

The first bunch of particles accelerated is not, you say, troubled by
turbulence. How long is it before your plasma is nice and uniform again
and you can send another pulse down?

Answer

It only gets turbulent along the channel that you have sent it. VYou
could, for example, make a big plasma and send successive pulses down dif-
ferent channels; or another way is to just blow the plasma gas out and
refill, and then I am sure you can do it at kilocycle rates because that is
what is now done for high power lasers. What the absolute limit is I do
not really know.
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SURVEY ON MODERN PULSED HIGH POWER LASERS

K.J. Witte
Max-Planck-Institut fur Quantenoptik, D-8046 Garching/FRG

1. Introduction

The requirements to be met by lasers for particle acceleration are partially similar to
those already known for fusion lasers. The power level wanted in both cases is up to
100 TW or even more. The pulse durations favourable for laser accelerators are in the
range from 1 ps to 1000 ps whereas fusion lasers require several ns. The energy range for
laser accelerators is thus correspondingly smaller than that for fusion lasers: 1-100 kJ-
versus several 100 kJ. Due to the availability of highly efficient frequency conversion
processes no real preference at present exists for a certain wavelength: iodine (1.3 pm),
Nd:glass (1.06 pm), XeCl (.308 pm) or KrF (.248 ym) can all be used as long as the high
repetition rate capability is disregarded. The 002 laser plays a special role. Whereas it
is well suited for the grating, plasma or inverse free electron acceleratorg it is not
attractive any more for fusion due to the production of hot electrons leading to an

unacceptable level of target preheating.

The design criteria of lasers meeting the requirements mentioned above will be discussed

in the following. The CO iodine, Nd:glass and excimer lasers will be treated in

2’
detail. The high repetition rate aspect will not be particularly addressed since for the
present generation of lasers the wanted rates of far above 1 Hz are completely out of

scope. Moreover, for the demonstration of principle these rates are not needed.

2. Paraxial Wave Equation

This section is a short review on laser theory. Its intention is to show that the output
characteristics of a complex high power laser system can indeed be calculated with a pre-

cision of about 10 % and are thus not subject to the caprice of fortune.

The paraxial approximation to Maxwell's equation has been proven to be completely
sufficient for the description of the phenomena occurring in large laser systems such as
amplification, diffraction, absorption, scattering, self focussing and frequency
conversion. The derivation of the paraxial wave equation starts from Maxwell's equation
from which it is easy to derive the following wave equation (mks units, E electric field
in V/m, P volume polarization in As/mz, c velocity of light in vacuum in m/s, e, =

8.86'10-12 As/Vm permittivity of free space)

22 A PE 1« FP =
v E"-E-z—-?—t-i=c—2€— T:t? +QTQ&AIVE.

The paraxial wave equation is obtained by writing

Eanad) =7 € aopa) exp{itwt-ka)j +ee,

-
Pixyzt) = % Q wyat) explitwt-ka)j +ee.,
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-
making the slowly varying enveloppe approximation (82/822, 32/61: of g,@negligible) and
by assuming grad div ﬁ ~ 0. The last requirement is the condition that the E-field must
be approximately perpendicular to the propagation direction (z-axis here) /1/ If the
retarded time T = t-z/c is used as the reference frame one obtains with ¢ = w/k, 8 Eey
and ? =@é; (g,@are assumed to be linearly polarized along the y-direction with unit

>
vector e )
y

W 4 20k
TR ATl ®

The corrections to this equation are of the order f2 = (}\/ZTtwo)2 and g\ (g gain). L is a
characteristic transverse beam dimension (not necessarily the beam diameter). Typically,

2 4 -3

£ is £ 10 " and gh £ 10 so that eq. (1) is an accurate laser analysis tool (A laser

wavelength).

2.1 Free Space Propagation

In free space eq. (1) becomes particularly simple since(g = 0 holds. Free space
propagation is very important to know in high power lasers since due to diffraction
resulting from hard edges or due to gain inhomogeneities the intensity profile may become
heavily structured in the near field, usually the region where passive elements like
lenses, beam splitters etc. or the entrance window of an amplifier are located. In order
to avoid material damage the intensity peaks have to be known precisely. Soft aperture or

image relaying can be used to minimize the unwanted intensity fluctuations.

There are various ways of solving eq. (1) with?= 0. One method which is now frequently
used is based on a 2-dimensional Fourier analysis (plane wave decomposition) represented

by the Fourier transform of£/2/
+o0

Flel=€ @, d;,d.,):f[f (x.y2.0) exp{-2ii (xax +ya.,)] dedy @)

and the inverse Fourier transform /2/
+0

?4{£F3= € hy2T) = f[ €. (2,0,0,0) exp {+2ri(xa t yo ) jdasda, 3

where a, ay are spatial frequencies. E da day is the complex amplitude of a plane wave
2.1/2
17'°.

propagating with direction cosines Aa , Aay and [1- (}»a) -(Aa ) If the angular

spectrum of the beam (8 ) is not too w1de1y spread, the angle between the k-vector of an
individual plane wave component and the z-axis is approximately given by Aa with
2 2,2

a” = .

= a _+ta
X

y
Introducing eq. (2) into eq. (1) leads to the propagation equation of the angular beam

spectrum EF

2€ = N2
9—; —iT %a €e
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which has the solution

EF(ZI-LJO'>= EF(O.t,a)exp(iikaza), )

Free space propagation is therefore easily carried out by inserting eq. (4) into eq. (3).
The formalism is readily handled with numerical methods on computers by using
FFT-routines (Fast-Fourier- Transforms) The propagation of a pulse between two amplifiers
is thus rapidly calculated (see Fig. 1). In cross section 1 EF 1 is firstly determined
from 6 yielding immediately the spectrum eF , on mirror M (posltlon 2) by means of
eq. (4). Going back to the physical space by using eq. (3) the field distribution 8

impinging on the mirror is calculated. Losses and phase changes introduced by the mirror

can now be taken into account by writing

gout M E

where M is the mirror transmission function. Moving to the i - space again &;u; and
EF 5 are obtained from eqs. (2) and (4) and then finally from eq. (3) the field dis-
b

tribution 8 in the entrance plane of amplifier B. Usually the transverse intensity

profile chan;ls along the pulse which then has to be cut in several pieces. Each of these
is treated according to the procedure just described. At position 3 they are put together
to yield 83. Even with this additional complexity FFT is much faster than a direct
integration of eq. (1).

in .in
€2, €,

L — r1

/t 2
4 /

ovt
F,3 ) €

€ Era
3

E1. Em

Fig. 1: Free space propagation between two amplifiers.

2.2 Propagation in Polarized Media

Outside free space the polarization g? is not zero and in general nonlinear in the
electric field 8 so that the Fourier formalism is not favourable any more. It is
convenient to distinguish between two cases. In the first only a single wave is present,

whereas in the second two or more waves may be present simultaneously.
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Single Wave. Hereg?cmn be written as a power series in odd powers of 8 according to
3 (6))
Q=6 {ME+ X+ ]

where ?ﬁs denote susceptibilities. The real part of *; represents the refractive index,
whereas the imaginary part is either exponential loss (Beer's law) or gain as in an am-

plifier. The term X583 accounts for two processes. The real part of 2( represents self

3
focussing and the imaginary part multiphoton processes.

Two or More Waves. This case includes various processes. Frequency mixing involves the

interaction of three waves at different frequencies, wl, w, and w, obeying the relation

2 3
w3 = wl + w, . A special case is second harmonic generation where w, = w, and thus
w3 = 2w1 holds; w, is then the pump wave. Frequency conversion is now commonly used in

all large fusion laser systems in order to increase the fraction of laser light absorbed
by the plasma. Stimulated Brillouin and Raman scattering are also three wave interaction
processes with two light waves at frequencies wp, w, (wp pump light, w scattered light)
and a sound wave or a molecular vibration, respectively, either at frequency Q. In laser
systems only the Stokes-case is of importance where w, = wp - Q< wp holds. The scattered
wave amplitude can be made the phase conjugate of the pump wave amplitude if the pump and
scattered waves travel in exactly opposite directions (back scattering). Phase conju-
gation or wave front reversal enables the cancellation of static aberrations acquired by
the pulse if the medium in which they occur is traversed first by the pump wave and then
by the scattered wave /3/. Phase conjugation can also be achieved by degenerate four wave
mixing (DGFW) where the frequencies of the two counter propagating pump waves and the
signal and reflected waves are equal. Brillouin, Raman and DFWM-mirrors can also be used
for amplifier isolation in order to avoid parasitic chain oscillations and, in addition,
to a certain extent for pulse shortening, especially for pulses originally several or

more ns long.

Amplification. As already mentioned, the imaginary part of %& is responsible for ampli-
fication. For the following discussion it is sufficient to consider only the incoherent
approximation, T2 << T , where T2 is the dephasing time and T

pulse pulse
duration. In this case the polarization 1is simply given by (two level system, no

the pulse

detuning)

P=c,Im(X)€ =i aN6E/k 6)

where 0 is the induced emission cross section at line centre and AN the inversion density

defined as

I
AN-_—N".—?:L'N‘C. @)
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Nu g are the population densities of the upper and lower laser levels with the degeneracy
’
factors 8, 0° 0 can be calculated from the relation
b
ﬂl
G = Au.fl : (8)
brn Ay

where Au 2 denotes the Einstein coefficient of spontaneous emission for the transition
’
under consideration, Av the medium bandwidth and n the refractive index. If eq. (6) is

inserted in eq. (1) and diffraction is neglected in thezamplifier which is a reasonable

assumption when the amplifier is not too slender (1377-2 102 with 4,2 diameter and

length of the amplifier) the electric field can be replaced by the intensity
1 X
I=?eocn€€ (€))
thus yielding the differential equation

9T _(GaN-
> (6aN-¥)T. (10)

Here a loss term YI has been added phenomenologically. For small signal amplification

(SSA) AN can be considered as constant and the integration of eq. (10) readily yields

I(21) =T (o) exp{ (¢aN-1)2 } an

whereby OAN is usually referred to as the gain coefficient

g= ¢aN. (12)

If medium saturation (large signal amplification, LSA) occurs AN is no longer constant
and the wave equation must be supplemented by two rate equations for the determination of

the population densities Nu 2 of the upper and lower levels. These equations are
’

9L -
L _ (gaN- (10)
T ( 51,
N
9_N1:LL=_6'ANI/hv——,—E3-+ P, (1)

®w
N Ne Ne¢
N 6aNI/hy + — ~ <, (12)
9-5 tun‘(’ £
hv is the photon energy, T the actual upper level life time, T = 1/A the life time
u u,f u,2

of the upper level regarding the radiative transition to the lower level and Ty the
actual life time of the lower level. P is the pump rate of the upper laser level

(cm-as—l). tu is defined by

—L=ZAu" 4-—"- (13)
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where }Au j counts for radiative transitions from the upper level to lower lying levels
b

and tq for non-radiative transitions (quenching). LR is an important parameter. It allows

for the distinction between storage and non-storage media. For a storage medium the pulse

. . <
duration TPulse is small compared to tu’ Tpulse

a storage medium. A non-storage medium is characterized by the opposite condition,

< tu. C02, iodine and Nd are examples of

T 2 T ; usually the excimer lasers XeCl and KrF belong to this category when T
pulse u pulse

is in the ns-regime. However, these lasers can also support the propagation of ps-pulses
and are then storage lasers (1:u ~ 5 ns). As it will become clear later the architectures

of a storage and a non-storage laser are completely different.

Storage Medium: T < T . We consider a lossless medium with y =0, T << 1 ,
pulse u pulse u,l

tz and with P = 0 after excitation. Eqs. (11,12) can then be combined to an equation for

the inversion density

9aN aNI
o = T 4 (14)
9L es
whereby the saturation fluence ey has been introduced
es = ——-Z—--—- . (15)

[
(1+ 54)e
L
If the beam loading exceeds eS the energy est (J/.e ) stored in the medium can be effec-
tively extracted provided the damage threshold of either the laser medium or the output
window is nowhere exceeded. In the SSA-case characterized by (e = fIdt beam fluence)

ANz const. ) @in, Cout << €

where €0’ Sout 2T the beam fluences at the amplifier entrance and exit the relations
Iaut = gss Iu‘n)
€out = Fss € (16,a,b,c)

Ay = exp{saNi]
hold with ASS being the small signal amplification. The pulse shape is conserved under

these conditions. In the LSA-case the integration of the eqs. (10,14) yield the famous

Frantz-Nodvik formula /4/ e
"

Cout = s Ln{fi + Ay (e-{s- 4)} a”n

The value of Ass is to be taken prior to extraction. In opposite to the SSA-case strong
pulse compression may occur in the LSA-case. The extraction efficiency is determined from
ﬂex-: eﬂlﬁ- ein f 4

€st 1+ 9u/9¢

(18)

where

(19)
e, = aNhy
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is the stored energy demnsity, usually measured in J/2. The extraction efficiency comes

close to its maximum value (l+gu/gL) if ein 2 e holds.

Non-storage-Medium: Due to T
pulse

neglected. If it is further assumed that the lower laser level is practically not

>> tu the time derivatives in egs. (11,12) can be

populated, Nz ~ 0, due to its small life time ti what is valid for XeCl and KrF the

steady state population of the upper level reads

_ Pza

w= (20)
1+ I/1,
whereby the saturation intensity
I, - _hy (1)

6Ty

has been introduced. Is is the counterpart to e.- The paraxial wave equation can be trans-

formed to
I, I/I

dz ~ ° 44T/ (T, - 1) (22)

where the loss coefficient y has been retained (necessary for XeCl and KrF) and IMax is

the maximum possible intensity achievable by the pulse. IMax reads

Iy,=1 (9/{ - 4) (23)

-5

ith -
" 9: P@Lu,

as the stationary small signal gain. Ilnax is the maximum possible intensity achievable by
the pulse. This can be easily seen by realizing that a pulse with an input intensity

out = Iin = IMax holds. For

Iin > IMax the pulse is attenuated since dI/dz is negative. Amplification is thus only

possible for Iin < IMax' When the amplifier is long enough the pulse intensity eventually

reaches I . The SSA-case, I << Is’ has the simple solution

Max
Tos = Lo exp{Cg-1)4) (2

where 2 denotes the amplifier length. The general solution (LSA-case) of eq. (22) can

equal to IMax is not amplified because of dI/dz = 0 so that I

only be given in an implicit form firstly derived by Schulz-Dubois /5/

) d
Iou'b 1 I"’ exp (Y{)

= (25)

Iﬂax' Iovt Iavi' Iﬂu = I'm Iin

with
4
i = 1-%/g° (26)
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The extraction efficiency is defined as

— Icv‘t - -Ll'n .
Yex Pt vt (27)
It is not difficult to see that n must have a peak. n__ is zero for I, =1 =1
ex ex in Max out
and almost zero for the SSA-case, I << I . At some value of I, < I n__ must thus show
s in Max ‘ex

1

a maximum. For high power excimer amplifiers one typically finds y& ~ 1, y & 5x10-3cm- ,

g/y & 15, IS = 2 MW/cm2 and IMax = 28 MW/cmz. For an input intensity of Iin =0.1 MW/cm2

an extraction efficiency of 40 % is thus possible.

Although the model presented here is a rather simple one it is sufficient for an approxi-
mate judgement of the performance of excimer amplifiers. Improvements would result from a
more accurate consideration of the kinetics and the V,R dynamics of the various molecules

involved.

Amplified Spontaneous Emission (ASE). Due to the radiative life of the upper laser level

of only a few nanoseconds amplified spontaneous emission is a serious problem for excimer
lasers; in iodine and CO2 it is of little importance since the Einstein coefficients are
much smaller compared to those of KrF or XeCl. Nd:glass is somewhere in between these two
extremes; blocking of ASE occurring during the end of the pumping period is usually

necessary here to prevent premature target damage.

A rough estimate of the ASE-intensity can be made if one considers a cylindrical ampli-
fier with perfectly absorbing walls so that no reflections have to be taken into account

(see Fig. 2). With the inclusion
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Fig. 2: Beam geometry for an estimation of ASE

of spontaneous emission the paraxial wave equation reads

3]:_ I+ Nuh)’_&

—_— = = (28)
92 J Lu,t 4w

which when integrated on the assumptions g = const., Nu = const. and on the boundary con-
dition I (z = 0) yields
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(29)

(d/2)* . . o
In egqs. (28,29) 6Q/4m = _TFE_- is the fraction of spontaneously emitted photons moving in
the '"right" direction. In eq. (29) the inversion AN was set equal to the upper level
population density Nu (NL ~ 0). It was further required that Ass >> 1 holds.

For storage lasers (CO,, Nd:glass, iodine) the important criterion is that ASE should not

’
damage the target. Thé; may either occur by too much power or energy. The latter can be
obtained by the integration of eq. (29) over the pumping time. In any case, the need to
avoid premature target damage puts an upper bound on Ass which in a chain is to be
understood as the amplification resulting from all amplifiers belonging to the chain. If
Ass turns out to be too large saturable absorbers, Pockels cell shutters or Brillouin/

Raman mirrors must be introduced in the chain to decrease the ASE gain.

For non-storage media or cw-system, like the long pulse excimer lasers, the main concern

is that all the pump power may be converted to ASE and will thus not be available for the

pulse to be amplified. In order to prevent this from happening the condition IASE < IS
must be met or with the help of egs. (21) and (29)
T IR
Ay — — < 4. (30)
tuJ. 4%

This condition connects the geometry of the amplifier, 6Q, with the gain of the medium,
Ass' More realistic calculations take wall reflections /6,7/ into account. They show that

cuboid-shaped amplifiers have attractive properties.

3. Laser Media

In this section the most important laser medium parameters will be firstly reviewed
followed by a presentation of the damage threshold of bare and coated surfaces of various
materials and their dependence on wavelength and pulse duration. After that the
excitation scheme, performance and overall efficiency achievable in reality will be dis-

cussed for the CO_,, iodine, Nd-glass and excimer lasers.

2

3.1 Survey on Characteristic Laser Medium Properties

In section 2.2 the fundamental properties of a laser medium were introduced. These are
wavelength A, induced emission cross section 0, medium line width Av, actual upper level
life time T Einstein coefficient A ,, saturation fluence e saturation intensity Is’
stored energy density eip? inversion AN and, for gas lasers, the pressure. These data are

collected in Table 1 for the COZ’ iodine, Nd:glass, KrF and XeCl lasers.
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Table 1: Laser Medium Properties

Laser| A e | aN | a¥ | Ay | T, I € | €t | P Ref.

- -4 Jd J
Medium| pm em? |em®| GHz | s ps ?mw’- | T bar

*| 10.¢ | 6x10°|6x10"| 13 4 |, |.23 |17 |24 | 8
COZ N 024
x| 94 1.e»x1o'°l4.3x1oﬁl R 47: 3 A / .70 | 35 |40 |310

-{9
Todinel 132 |4c10 100" | 20 | 8 100 |, |.5 |45 |5 | #

¢

Nd: 1) 06 [3006° |oxa0®| 40" 2800 [300 | ~ | 5 |375 | ~ | 42

glass

t o -3 -3
XeCl | 208 [cute® |3xt0™ [sxa0® |acto” [5xto7| .2 |4x0”| ~5 | 5 |13,3%

- -3
ke E 1 2ug loxtn®|sxw0” |wi0® hyxid|wato™[4-2 | / |40 |4-3 | 67

* The data given in this line refer to the 40 kJ/1 ns ANTARES system. Av is the width of

st=Woo1 Nygp) BV 1s
the energy difference between the energies stored in the 001 and 100 vibrational modes,

a single line. The inversion AN pertains to the P(20) line only. e

thus AN E?CLJ)est/hv ~ 0.07 est/hmﬁeCJ) is the rotational partition function. Note that
e = hv/{209(J)} = 7 hv/o holds.

*% In /9/ 3 ps-pulses at 9.4 pm were amplified. 75 GHz is the width of a single line. The
R-branch at 9.4 pm has a total width of > 103 GHz.
+ The data correspond to the experimental conditions of /34/ where 2 ps-pulses of 300 GHz
- bandwidth were amplified. o is the cross section of the 4 main B-X transitions. L is the
actual life time of the B-state. et is the energy difference between the B- and X-states
whereas AN is the inversion pertaining to the 0-2 transition only (B - X).

# The data refer to long pulses > 1 ns. Regarding AN, e . see footnote for XeCl. O is

t
a transition averaged cross section.
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Together with the pulse duration Tpulse the upper level life time T not only determines
the type of laser, storage or non-storage, but also the technical realization of the
pumping process. The larger tu the more economical can the power supply be built. In this

sense the short upper level life times of the excimer lasers are somewhat unfavourable.

The Nd-glass laser and the iodine laser are optically pumped. In both cases T is large
enough that relatively cheap flashlamp technology can be used. Large volume CO2 lasers
need e-beam sustained discharges. This technique is now rather well understood and

established.

Saturation fluence or saturation intensity are important for the extraction efficiency.
If they are much smaller than the damage threshold of the various materials occurring in
a complex laser system the energy stored in the active medium can be efficiently
extracted by the pulse (saturation regime). This is true for the excimer, iodine and 002
lasers. Due to the high value of e, = 5 J/cm2 only long pulses of several ns duration
enable a good energy extraction in Nd:glass lasers; short pulses (< 1 ns) are more or

less restricted to the small signal regime with low extraction efficiency.

The column of the stored energy density shows that Nd:glass is the most compact laser
system. All the gas lasers roughly need twenty times more volume for the same amount of
stored energy. At the first glance this figure is very much in support of glass lasers
but falls off importance if it is realized that the amplifiers constitute only a minor

fraction of the total volume required by a large laser system.

For gas lasers the pressure determines the strength of the mechanical structure and the
thickness of the amplifier windows. Large size amplifiers with a volume of about 1 m3 or
more can only tolerate a few bar; high pressure devices as those needed for the

generation of ps COz-laser pulses can only be built for small volumes of a few liter.

The medium line width Av determines the shortest pulse duration which can be realized.

Since the pulse bandwidth cannot become larger than Av, Tg:;se is given by 1/Av provided
the pulse is Fourier-limited. In high pressure C02-lasers, in Nd:glass and excimer lasers
Av is 2 103 GHz so that ps-pulses can be amplified. In iodine lasers the shortest pulse

duration practically achievable is ~ 50 ps.

3.2 Damage Thresholds

With almost no exception the performance of high power lasers is limited by
laser-induced damage occurring either on bare or coated surfaces or within the material
supporting the pulse propagation. Since surface damage usually precedes volume damage

only surface damage will be considered in the following.
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Fig. 3: Damage fluence versus wavelength (single shot measurements)
HR High reflectivity coatings, AR antireflective coatings, NSP AR Neutral-

solution processing gradient index AR BK7 surfaces

The morphology of surface damage to transparent dielectric materials indicates that
damage is caused by absorption of energy from the laser pulse which heats a small volume
of material to the point of stress fracture or melting. Sources of absorption depend on
the substrate and coating material and the way they are processed and on the wavelength
and pulse width of the laser. The most important mechanisms for damage by pulses in the
range of 100 ps to 20 ns duration are absorption by particle impurities of submicron
diameter or by small volumes of critical-density plasma generated by avalanche ionisation
at impurity sites. Details of the absorption mechanisms are subject of continuing debate
and not yet fully clarified. Models used to predict the parametric dependence of the
damage threshold on pulse width, wavelength and beam diameter are still at a very early
stage. For the purpose of this review article it is sufficient to say that damage is

related to impurities and defects rather than to intrinsic properties of the materials.

In Fig. 3 damage threshold data which have been recently published in the literature are
collected; the pulse durations are between 0.6 and 20 ns. Measurements are available at
10 pm (COZ)/14,15/,1.32 pm (iodine), 1.06 pm (Nd), .53 pm, .355 pm, .266 pm and .248 pm
(KrF). A large body of the material at the Nd wavelength of 1.06 pm and of its second,
third and fourth harmonics as well as that at the KrF wavelength of .248 pm comes from the
Lawrence Livermore Laboratory where a big Nd:glass laser program (SHIVA,NOVA) and a
smaller KrF laser program is being conducted /16,17,18/. For iodine (1.32 pm) our own
measurements have shown (not yet published) that the damage threshold are very much the

same as those found for 1.06 pm. Additional data have been found in /12,19,20/.
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The largest thresholds are obtained for bare or uncoated surfaces regardless whether they
are fused silica, BK7-glass, polished copper, NaCl or KCl. Coated surfaces have a much
lower damage threshold. Noticable is the difference between the high reflective (HR) and
anti-reflective coatings (AR). The reason for that is not yet clear. Attempts to
correlate this phenomenon with the different standing wave field distributions in both
cases have not been conclusive. In /16/ it is argued that the higher thresholds of the HR
coatings is due to the fact that the interface between the coating and the substrate is
not exposed to the laser energy. This is just opposite to the situation occurring in AR
coatings where the damage originates at the coating-substrate inte;face which can be

affected by polishing, cleaning and residual surface contamination.

Common to all thresholds is their decrease with decreasing wavelength, especially at
short wavelengths. This trend probably results from the increase in absorption at
uv-wavelengths of both transparent dielectric materials and common molecular or par-

ticulate contaminants.

The neutral-solutions processing gradient index anti-reflective BK7 surfaces (NSP AR BK7)
deserve special attention since their damage threshold is even higher than that of
HR-coatings /17/. Especially attractive is the independance of the threshold on the

wavelength down to .5 pm just opposite to the behaviour of AR-coatings. Unfortunately,
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the NSP process does not produce AR surfaces on fused silica which is the only material
presently capable of transmitting high intensity pulses below .35 pm. The Sol-Gel Tech-
nique /18/ is presently viewed as the most promising method to fabricate porous silica
coatings which might have higher damage thresholds than those achievable with AR

coatings.

The dependance of the damage threshold on pulse duration is as complex as that on the
wavelength. Fused silica and BK7 approximately obey the square root law on the pulse
duration

e . = const. Tl/2

D~ pulse G

in the pulsewidth range from .17 ns to 5 ns /16/ and in the wavelength range from .5 to
1.3 pm. In the UV the exponent (fused silica) appears to be much smaller, .25 versus .5.
For HR-and AR-coatings experimental material is only available at 1.06 pym /20/. Fig. 4

shows the damage threshold dependance on T from 35 ps to 12 ns for single shot

pulse
operation. HR- and AR-coatings appear to follow the square root law only to some extent:
HR 0.8 AR 0.7

e ~T and e ~ T . These relations are, however, just a rough estimate, since
D pulse D pulse

the data scatter too much at ~ 10 ns. Moreover, the physics responsible for damage at
35 ps is not known and might be different from the mechanisms active at ~ Ins. The
possible role of nonlinear processes such as two photon absorption, harmonic generation
or Raman scattering is also not yet identified which all might lower either the
reflectivity of HR-coatings or the transmission of AR-coatings and that of the substrate.

This field is rather unexplored, especially in the region of ps-pulses.
Finally, it should be pointed out that damage threshold for multiple shot operation are

much smaller than those for 1 shot operation. A reduction by a factor of 10 is very

likely to occur if the same coating is exposed to 2 104 laser shots /20/.

3.3 CO_, - Laser

The CO, level diagram is shown in Fig. 5 /8/. For a typical gas composition of

2
al r
4:1:1:He:N2:C02 e lifetime of the upper laser level 00°1 is about 8 ps. The main factor
in de-exciting this level is COZ-CO2 collisions populating other CO2 excited states.

Owing to the Fermi-resonance for the 100-020 levels the equilibration time between them
is very short, ~ 4 ns. The complex of levels is then seen to decay to the 0110 level with

a lifetime of ~ .13 ps. The 0110 level is the '"bottle-neck" in the CO, laser; in pure CO

the lifetime is quite long, ~ 10 ps at a CO2 pressure of 600 mbar. Itzhas been found thaz
the addition of He to CO2 preferentially de-excites the 0110 level, for the cited gas
composition the deactivation time is reduced to .2 ps. For pulses longer than a few
hundred nanoseconds helium thus improves the extraction efficiency; for operation in the
nano- or picosecond regime it has, however, no effect on the extraction efficiency but
can be used to control the discharge parameter E/N (E electric field, N molecules per

cm3).
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Fig. 5: Energy level diagram of CO2 and N2

(AS Asymmetric Stretching Mode, B Bending Mode, S Symmetric Stretching Mode)

Large amplifier volumes can only be pumped by means of e-beam sustained discharges.
Self-sustained discharges are inherently unstable and quickly degenerate into constricted,
low impedance arcs destroying the electrical and thus optical uniformity of the laser
medium. The "trick" of the e-beam controlled discharges relies on the separation of
electron production from the electric field which is optimum for the excitation of the
CO2 vibrational level which is due to inelastic e-COz, e-N2 and N2-002 collisions. The
excitation cross sections for CO2 and N2 are such that they correlate with different

positions of the electron energy spectrum.

Fig. 6: Cross Section of a HELIOS dual beam module
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Fig. 6 is a cross section of one of the four final HELIOS dual beam amplifiers /8,21/.
HELIOS is an eight-beam facility delivering altogether 10 kJ in .5 ns into calorimeters.
The electron gun is the central assembly suspended from a high voltage vacuum feed
through bushing. The cathode structure has a pair of emitter blades on each side of the
backing plate and emits a beam of electrons towards thin titanium windows to the left and
to the right of the cathode. Each e-beam has a cross section of about 40 x 200 cm2 and
has a current of 5000-7000 A at -300 kV. A rather similar amplifier design is used in the

Japanese LEKKO VIII laser system /22/.

The presently biggest COz—laser is ANTARES which can deliver an energy of 40 kJ in ~ 1
ns. Fig. 7 shows a photograph of one of the two final modules during the construction
period. It clearly demonstrates the enormous size and space requirement of high energy

lasers.

The overall efficiency ntot is determined by a product of several fundamental and

engineering factors

Mt =Yex e Yo (32)

where np is the pump efficiency, nex the extraction efficiency and nE an engineering

factor. np is defined by /8/

=5t <39
o= T(Egat ' (33)

where fE . 3dt is the energy input to the laser medium. nex is calculated from

Cout — €i o
"1ex=—°‘“‘g;—“=’- 50%. (34)

Although due to the low value of the saturation energy density the energy stored in the
00°1 vibrational mode can be fairly well extracted, nex is limited to 50 % since on
ns-time scale ground state depletion by helium is ineffective. nE counts for various
engineering limitations resulting from the e-beam generation, pumping power transmission
and deposition in the laser medium, incomplete discharge volume utilization, reflection

losses of mirrors and windows etc. A reasonable value for nE is 0.5 so that

< 0,
4]% <4.89. (35)

n, ,-values of up to 1.6 % have been achieved in HELIOS.

tot
As already noted, ps-CO2 lasers need rather large pressure of 2 10 bar to achieve a
sufficient degree of overlap of the rotational lines. The active volume which can thus be
pumped is small; in the devices described in /9,10/ 40 and 32 cm3 are reported. Under
these circumstances a normal discharge with either UV-preionization /9/ or with e-beam

preionization /10/ can be used. In /9/ a 2 ps-pulse could be amplified to a power of
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Fig. 7: Final Amplifier Module of ANTARES

10 GW. Hence, if the discharge volume could be scaled to the liter-region which
technically appears to be feasible the power level reaches the TW-range thus shortening

the gap regarding the power demands of laser grating accelerators.

The generation of ps-CO2 laser pulses - although straight-forward - requires some effort
/9/. It needs a single longitudinal mode COz—laser delivering a long output pulse of
typically ~ 100 ns duration and a ps-dye laser which is used to switch out a ps-portion
from the long qulaser pulse. Switching elements which are activated by irradiation with
the dye laser pulse are either polycrystalline CdTe (in reflection) or silicon slabs (in
transmission). The power level of the ps-CO2 pulse achievable with this technique isgzhe

100 kW-range.

The CO2 laser is also an interesting candidate for laser plasma accelerators. In this
case the pulses don't have to be that short as for laser grating accelerators; durations
~ 50 ps are currently viewed at as an acceptable choice. Such pulses can be effectively
generated with the optical free-induction decay /23/. Amplification of 50 ps-pulses needs
a2 medium linewidth of ~ 10 GHz corresponding to a pressure of 2.5 bar. This is just the

range in which the high energy amplifiers of ANTARES are operated. This laser i§ thus
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ideally suited as a driver for the plasma accelerator. Simce the pulse should have two
carrier frequencies (two line operation) amplification has to be controlled in such a way
that the two pulse components are intemsified by the same amount, i.e. they have to ex-

perience the same gain. This requirement puts some restriction om lime selection and

separation.

3.4 Iodine Laser

Three different pumping mechanisms of the atomic iodine laser radiating at a wavelength
of 1.32 pn are known /11/. Two of them are based on the dissociation of fluorinated

alkyliodides as CF_I, CZFSI’ C3F7I etc. either by irridiation with UV-light centred

3
around 270 nm or by electron impact. The third method is chemical pumping and relies on

resonant energy transfer between molecular oxygen and atomic iodine according to
2 3 % 2
of Ca)+ I(*h,) = 6,C2)+T(*Fu) . (36)

Chemical pumping is well suited for cw-operation and also for high repetition rate
operation. However, its potential for pulsed high-power operation is very limited since
the energy is mainly stored in the excited oxygen molecules and too a far less extent im
the iodine atoms thus requiring inefficient multiple pass operation for energy

extraction.

Dissociation by electron impact produces ground state and excited state

2 2
P3/2 P1/2
jodine atoms with an almost equal amount and is thus not very attractive. Only the

photodissociation of fluorinmated alkyliodides according to

RI+ hv (v 270 nm) — R+I% (*Fy,) 7

has proven to genmerate preferentially excited iodine atoms and is therefore presently the

only pumping method used for high power applicatioms. i-C F.I is the most commonly used

37
compound? it has an I*-yield closetof and its radicd.C3F7 has a large rate comstant for
recombination with a ground state iodine atom tc the parent molecule C3F7I.

Since high energy photons are needed to crack the C-I bonding of the alkyliodides the

quantum efficiency of the iodine laser

=49
hv A.5x40 J
= PR o e = ) 94
"q hoy,  72x40'% 0 (38)

is not very high.

The lifetime of the upper, metastable laser level is 125 ms. Actually, due to quenching
processes by Iﬁ,RI,C0p5§Arit is much shorter and lies for high power amplifiers between
100 ps and 1 ms depending on the kind of gas mixture used which is composed of C F. I +

. 37
buffer gas (either Ar, SF, or COZ) with a ratio of RI: buffer gas of 1:50 up to 1:1000 at

6
a total pressure of a few bar /11/.
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The detailed spectroscopy of the iodine ZPI/2 - 2P3/2 transition is of importance for the
extraction efficiency. The mnuclear spin (I = 5/2) splits the excited state in 2 levels
with Fu = 3,2 (see fig. 8) and the ground state in 4 levels with F2 = 4,3,2,1. According
to the selection rules AF = 0, + 1 six transitions (magnetic dipole) are possible;
however, under usual conditioms, i.e. inm the absence of strong magnetic fields, only the
3-4 line which has the highest gain is emitted by an oscillator. The upper state level
mixing time is about 30 ns whereas for the ground levels it is much faster,of the order
of the dephasing time TZ’ ranging from 10 to 60 ps. For a several hundred picosecond or

longer pulsesthe ground state tevels can thus be replaced by one level with an effective

2

— e

Y —
Fig. 8: Hyperfine spectrum of the iodine laser tramsition (The line separatiomns are

in GHz).

degeneracy factor of 24. If the medium linewidth Av is 2 15 GHz (single tramsition) which
is typical for high power amplifiers line overlapping becomes sufficiently strong that a
pulse whose carrier frequency is coincident with the centre frequency of the 3-4
transition also has access to the energy stored im the upper F = 2 hyperfine level. In

this case the maximum possible efficiency reads

x4
= = 6¥%.
Nex = Teaz/ze ° 39

If there is no line overlapping at all (A&v £ 3 GHz) Nex drops to 45 %. Practically
achievable values lie between 50 and 55 % and are connected with strong medium saturation
leading to a considerable pulse compression and distortion. This not only means that the
chain input pulse duration has to be much longer than that wanted for the exit pulse (up

to a factor of 10) but also complicates pulse shaping.

Photodissociation pumping can be done by flashlamps or open discharges. Fig. 9a shows an

amplifier based on flashlamp pumping. Pump source and laser medium are completely
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Fig. 9: Amplifier pumped by flashlamps a) or open discharges b)

Fig. 10: Final amplifier of the ASTERIX III iodine laser system

separated from each other. With no flashlamps embedded in the laser medium the stored

energy demsity e ¢ scales inversely with the tube diameter d, e ~ 1/d; at ¢ = 30 cm

e = 10 J/2 is achievable. For larger diameters external and internal pumping

(flashlamps in the laser medium) have to be combined in order to keep e

¢ at a level of
10 J/2.
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An alternative to flashlamp pumping is open discharges favoured in russian iodine lasers.
An amplifier using this scheme is shown in Fig. 9b. In this case no quartz tubes are
needed since the discharge takes place in the laser medium itself. Stored energy

densities of up to 20 J/£ have been realized for large diameter amplifiers (42 cm).

The advantage of a simple design and a good scalability to large volumes is, however,
opposed by the disadvantage of contamination problems; the windows f.e. have to be
cleaned after a few shots so that high repetition rate operation is principally difficult

to achieve.

The overall efficiency is given by

Neot = o Mo e (40)

where nE is an engineering factor and counts for flashlamp efficiency (8 % of the emergy
stored in the capacitors can be converted into UV-light falling in the absorption band-
width of the fluorinated alkyliodides), optical losses connected with the radiation
transfer from the flashlamps to the laser medium and incomplete utilization of the pumped
volume. For the present generation of lasers nE < 0.03 holds. Accepting a value of .5 for

n the overall efficiency f becomes 0.3 % which is to be considered as a kind of

ex tot
upper bound. In the ASTERIX III system /11/ a ntot-value of about .1 % has been realized.
Fig. 10 shows a photograph of the final amplifier of the 1-Beam-ASTERIX III-system which
can deliver a power of 1 TW at a pulse duration of 250 ps. The repetition rate is 1 shot

each 10 minutes.

At a2 medium linewidth of 20 GHz (single transition) corresponding to an Ar pressure
of 5 bar amplification of 50 ps-pulses is possible. Due to the small overall linewidth of
only 40 GHz two line operation as required by the beat wave plasma accelerator /24,25/
and characterized by a separation of > 103 GHz between the two carrier frequencies of the
pulse cannot be realized. The iodine laser is thus only useful for that version of the

plasma accelerator /24/ which is based upon a pulse with only ome carrier frequency.

3.5 Nd:glass Laser (1.06 pm)

Glass has many beneficial properties as a laser host. It can be fabricated in large
pieces of variable shape and size (rods up to 11 cm in diameter, disks up to 30 x 60 cm,
see Figs. 11,12) with high optical quality and low loss coefficient (0.001 cm-l). It is

isotropic, durable and moderate im cost.

+
Nd goes into the glass as the Nd3 ion each with a different site due to the amorphous
glass structure. The absorption and emission lines (see Fig. 13} are therefore
inhomogeneously broadened from 20 cm-1§§ 600 GHz to 200 cm-%g 6000 GHz for the glass as

a2 whole. This permits amplification of short and long laser pulses. In the 24-Beam-




Fig. 11: Large diameter BK7 disks with graded-index antireflective surfaces

Fig. 12: 46 cm diameter disk amplifier of NOVA
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Fig. 13: Absorption spectrum and energy level diagram for Nd3+ ions in glass

OMEGA-facility /26/ 50-300 ps-pulses are generated with total powers ranging from 10 TW
to 6 TW. The 10-Beam-NOVA-facility /27/, which will be the largest laser in the world
after completion by the end of 1984, can amplify pulses with duration from 100 ps to 5 ns
with corresponding total powers from 120 TW to 25 TW.

Nd3+ ions are optically pumped by flashlamps whose radiation matches the absorption
spectrum of the Nd3+ ions quite well. Absorbed energy is rapidly accumulated in the Z’Fs/2
atomic levels, which are about 12.000 cm_1 above the ground state. These levels have a
lifetime of 200 to 700 ps, determined both by radiative and ion-ion non radiative
transitions. The dominant fluorescence and highest gain laser action is from the 4F3/2
level to the 4111/2 level, which is ~ 2000 cm-1 above ground state. Peak gain is at a
wavelength from 1.045 to 1.065 pm, depending upon the refractive index of the glass-host
composition. The terminal laser level is rapidly depopulated (< 1 ns) and it is far

enough above the ground state (419/2) that it is thermally almost empty.

At normal doping levels the deposition profile of the pump light in the glass is non-
exponential with a characteristic depth of a few cm. This enables a spatially rather
uniform excitation which is important for the generation of a beam with a low transverse
intensity modulation. The efficiency of transfer from the absorption lines to the upper
level 4F3/2 is near unity in most glasses. However, the effective energy utilization is
nq ~ 60 % (for a Xenon spectrum) because of the difference between the energy of the ab-
sorbing levels and the upper laser level. The lost energy is taken away by phonons
heating the glass. 80 % of the energy stored in the capacitor bank is converted to
photons by the flashlamps. But not all of these photons are absorbed by the Nd3+ ions;
the majority goes somewhere else and shows up as heat. Only ~ 3 % is accumulated in the
absorbing levels lying above the upper laser level 4F3/2. The engineering factor nE,
already introduced when treating the CO2 and iodine lasers, is thus ~ 0.03. Since the

quantum efficiency nq equals .6 not more than ~ 2 % of the capacitor energy is trans-
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ferred into useful inversion of the Nd3 ions. This figure has been found for disk

amplifiers and is also approximately valid for rod amplifiers /28/.

At short pulse length of £ 100 ps Nd:glass lasers have to be operated in the small signal
regime thus showing a low extraction efficiency nex' Consequently, the overall efficiency
- . . . : >
ntot nE nq nEX is also small, fractions of a per mil . Only for long pulses (2 1 ns)

gain saturation is possible to some extent, yielding Neot values of £ .2 %.

Due to its pulse width flexibility, broad amplification bandwidth enabling two line
operation with a frequency separation of ~ 103 GHz or more and its scalability to very
high powers the Nd-glass laser appears to be an appropriate candidate for the plasma and

inverse free electron accelerators /29/.

3.6 Excimer Lasers

Excimer lasers like XeCl (308 nm) and KrF (248 nm) have a broad medium linewidth of ap-
proximately 5.000 GHz £1.5 nm thus allowing the amplification of short (ps) and long
(ns) pulses as well as two line operation with a frequency separation of up to a few THz.
If pumped by e-beams both systems are scalable to large energies; f.e. in /30/ a con-
cept ual design of a 50 KJ KrF amplifier for inertial confinement is presented. The
overall efficiency of e-beam pumped excimer lasers is estimated to be at least a few
percent and is thus much higher than that of the lasers discussed above. These properties

make them interesting candidates both for fusion and particle acceleration.

Up to now the main effort has gone to the KrF laser because its intrinsic efficiency of ~
12 % (laser output energy over e-beam energy deposited in the laser medium) is approxi-
mately twice as high as that of XeCl. This difference has recently become smaller. In
/31/ a XeCl laser using an Ar/Xe/HCl mixture achieved an intrinsic efficiency as high as
8 %. Because of its ability to propagate a higher fluence, higher damage thresholds and
cheaper optics an XeCl driver system offers significant advantages from a system's view-

point and has thus become an alternative to an KrF driver.

For large volume amplifiers the pump time has to be several hundred nanoseconds; shorter
pump times lead to unattractively expensive devices.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>