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Abstract

This work presents the undulator and harmonic generation project at the electron
storage ring MAX-lab at University of Lund.

The theory of undulator radiation, laser coherent harmonic generation, optical
klystron amplifiers and FELs is treated in one uniform way, with complete
solutions of the necessary equations.

A program to calculate the spectrum emitted by an undulator, taking certain
electron-beam characteristics into account, is described.

The permanent magnet undulator is described in some detail, along with the
installation of the undulator in the storage ring. Details regarding the emitted
radiation, the electron beam path in the undulator and other results are analyzed.

Finally harmonic generation using a Nd:YAG laser and the creation of coherent
photons at the third harmonic (355 ran) is described.
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1. Introduction

1. Introduction

Accelerator physics is a science that has resulted from the need for physicists to
build and operate machines that accelerate the so-called elementary particles.
The borders between the different disciplines using accelerators are still fairly
loose and accelerator physicists tend frequently to step into the domain of other
sciences (this thesis is a proof of that) and v.v.

The beginning of accelerator physics came with models of the constituents of
matter in modem physics. Since then one of the most spectacular branches of
research in the world of physics has been focussed upon a deeper understanding
and analysis of all matter around us. On this winding road several discoveries
have been made: atoms, electrons, protons, neutrons followed by quarks and
gluons. Several of these particles have only been "seen" by the help of
accelerators. As the investigations have reached further and further into matter,
the tools to do this have become larger and larger. The reason can be visualized
in the way that these smaller and smaller object are more tightly bound together
and larger forces are required to separate them and allow an individual analysis.
These large energies are created in particle accelerators, where particles, such as
electrons, positrons, protons or even atom nuclei, are given very high velocities /
energies.

Accelerator facilities are built all around the world and large sums of money are
put into these projects. The laboratories has often become show-cases for the
development of the country and even for the humans as a whole. Places like
CERN (Geneve, Switzerland) SLAC (Stanford, USA) or Fermilab (Chicago,
USA) have hordes of scientists coming on pilgrimages to the "oracle" machines
to find answers to great physical and philosophical questions. This is of course in
principle nothing new. It is just that the current belief states that the answers are
to be found by huge technical devices, through mathematical and logical
interpretations.

A relevant question has to be if the people outside the monasteries of scientists
really have a better knowledge of the world by being told that a few columns of
numbers proves that you and I are made of the top and bottom quark a bunch of
gluons and some electrons?

The society outside the basic physics, though, seems to regard it with big eyes.
Basic physics is expensive, it is "ununderstandable" thus it is glamorous! The
responsibility given to the scientific community is large, and may be not always
used in an appropriate way.

While riding en a high tech wave the accelerators have also begun to move out
of the largest temples and become tools for other means. The healing powers of
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1. Introduction

the accelerators are being investigated in medicine. In the name of God and
democracy the accelerators are tailored by the arms industry to kill (see for
example chap. 1.2). In the electronics industry the essence of life is improved by
using the accelerators to construct smaller circuits and thus faster computers.

Many other accelerator-based research projects are being pursued with the aim of
increasing our well being in every-day life. Some of them go astray and some are
extremeley useful. The judgement of where to begin, where to stop and where to
continue is extremely difficult to make. The costs of all these projects though,
makes these decisions very important. The key question in the academic world is
of course that the same amount of money could be given to ten times as many
scientists producing ten times as many papers, if they just worked in another area
of science, which did not use these machines. On the other hand, there is a value
in this research, which can only be achieved if these amounts of resources are
used.

One of these side tracks, which can not be said to be going astray, is that the
machines were found to be excellent emitters of light, synchrotron light. Light
with some excellent qualities in the eyes of other scientists. A machine built
especially to produce this light, and a special device and technique to improve
the qualities of the light even further is the subject of this book.

Synchrotron light (see chap 2.1) was first discovered in the type of accelerato-
from which the name is taken, the synchrotron [SHA1]. Soon ideas were
presented by Motz [M0T1] on how to improve certain characteristics of the light
by a device that later would be called an undulator, or in Soviet literature the
more illustrating name: snake.

Still the ideas were close to the microwave technology, which had a strong
development during the second World War due to the desire to construct radar
devices. Here microwave amplifiers existed, but the first step towards lightwaves
was achieved by Motz in his classical description of undulators [M0T1], The
transformation to a light amplifier was done by Madey in 1970 using a quantum
mechanic picture [MAD1]. Madey also constructed the first device at Stanford;
thus the Free Electron Laser (FEL) was born.

While the FEL is an analogy to the Travelling Wave Tube in the microwave
world, Vinokurov deviced in 1977 [VIN1] an analogy to the microwave klystron,
the Optical Klystron (OK) which also works as an amplifier, but in this case for
light.

Both the FEL and the OK possesses some difficulties in operation when light at
short wavelengths is desired. As a road around the obstacle a group at ACO in
Paris generated light in 1984 by a technique which was to be called Coherent
Harmonic Generation (HG) [ORT1].

12



]. Introduction

This book is the story about an undulator installed at the MAX-laboratory and
the first use of it to generate light by Coherent Harmonic Generation. The book
also presents the complete description and derivation of undulator radiation,
Coherent Harmonic Generation, the Optical Klystron and the Free Electron
Laser, in sections with d.agrams for the understanding and appendices for the
mathematics virtuoso.

1.1 DESCRIPTION OF WORK

Projects running at accelerator facilities tend to grow and become very large.
There are several "natural" causes for this phenomenon. One is that the technique
involved is complex and expensive, and a large number of scientists are
involved. Another is that the time available to run an experiment is often very
limited. During a long preparation time (in the range of months to a year)
everything is planned and during a short experimental time (days or a few
weeks) all of the necessary experimental work has to be done.

The part of the undulator project at MAX-lab described in this thesis exhibits
some of these characteristics, but does also differ on a couple of points. The
hardware (undulator, laser and accelerator) all together are expensive, and the
available time has been limited (one week once or twice a year). On the other
hand the number of people involved has been very small, and the resources
specified for this aim limited.

Altogether this description sheds light on the character of the project. A few
people, on a low budget, taking a few snapshots of complex phenomena.

1.2.1 Different phases

The project has passed through a couple of phases and has still a short way to go.
These can be summarized in this way:

PI) Design and construction of an undulator for the MAX-lab storage ring.(Not
described in this thesis)

P2) Building of a theoretical base at the MAX-laboratory for Undulator,
Harmonic Generation and FEL- techniques.

P3) Calculation of the characteristics of the Undulator.

13



J. Introduction

P4) Installation of the undulator.

P5) Characterisation of the undulator. (Partly described)

P6) Harmonic Generation using the undulator.

P7) Design, construction and installation of a monochromator beamline (Not
described).

The status now, in mid 1990, is that Phases 1 to 4 are finished. Phase 5 is
awaiting the monochromator for a final touch. Phase 6 is running into a second
stage, aiitcr being proved feasible. In phase 7 the design stage is passed and the
construction underway.

This thesis thus consists of two parts. Part I is the theoretical one describing
phase 2, and Part II is the experimental one describing phases 3 to 6.

1.2 THE SDI

Unfortunately there is a need for this thesis to contain a short comment about a
military project initiated during the last decade of the cold war.

In March 1983 the former American president Ronald Reagan made a talk to the
American nation in which he painted the idea of an impermeable shield against
intercontinental ballistic missiles (ICBM) [TH01]. This was to become the SDI
(Strategic Defence Initiative, "Star Wars"). The meaning was that any missile
fired from ihe Soviet Union towards the United States would be destroyed before
reaching its destination. Already from the very first moment the project received
strong criticism in various areas. One very important point was the legal
question. In 1972 the USA and the Soviet Union signed the "Anti-Ballistic
Missile Treaty" sharply limiting the two countries rights to build systems aimed
at destroying the opponents missiles [BUL1]. The idea was to ensure stability
through " Mutual Assured Destruction" (MAD), which meant that both sides,
what ever happened had the possibility to destroy the opponent at any chosen
moment. The writing of the treaty clearly forbade the deployment of SDI, while
the early research stages could be allowed according to who was making the
interpretation.

The research immediately took off, and several ideas were pursued. One of them
was the area of "directed energy weapons". In this area the Free Electron Laser
was one of the most promising devices. Theoretically it would be able to deliver
the enormous amount of power, that would be needed to destroy a missile over a
large distance in an electromagnetic beam. The "old weapons laboratories",

14



1. Introduction

Livermore and Los Alamos, and others have since commenced projects in the
field. They have indeed been able to construct and operate lasers, but fortunately
the extremt requirements of the SDI are beyond reach today [G0L1]. Still the
risk exists that by a strong development of the FEL there will be similar
applications within reach and thus research in the field has to be critically
monitored. Such awareness, or even willingness, does not reach all scientists
[BRO1], which is a problem for the human community as a whole.

The FEL project at MAX-lab is, however, like all other projects at the laboratory,
strictly non military. The basic concept of using a storage ring instead of a high
current linac is in contrast to the American "SDI projects". Further the heading of
the project, towards tunability, narrow bandwidth and other special beam
qualities, is not compatible with weapons research. If any such correlation would
be shown, it is my conviction that the project will be abandoned.

15
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2. Theory introduction

2. Theory introduction

In this part undulator technique and the theory for undulator radiation, harmonic
generation, optical klystrons and FELs will be treated.

The aim has been to give a description following the same path, using the same
viewpoint and units in all parts. It has also been important to try to give some
simple pictures of the phenomena to create a good working platform for a
qualitative understanding. Therefore the complete solutions of the equations have
been moved out to appendices.

First the basic formulas of synchrotron radiation will be stated, but not deduced.
Following this section a short review of synchrotron radiation and accelerators
will be given.

Some time is spent on the description of undulators. What they look like,
materials and mechanics. A short section also deals with adaptation of the
accelerators (storage rings) to house an undulator. Finally some words are given
about superconductivity in undulators/wigglers, and special types of undulators.
In the next chapter it is then time to approach the undulator radiation theory.

The properties of radiation emitted from an undulator and knowledge about the
behaviour of electrons in the undulator will be used to explain a couple of other
techniques. These techniques can be divided into two categories. The ones only
changing the properties of the undulator radiation (Harmonic Generation) and
the ones that amplify an electromagnetic wave present in the undulator (Optical
klystron and Free Electron Laser).

For the Free Electron Laser only the theory for the Compton range will be
treated. The Raman FEL's, which generate plasma waves inside the electron
bunch, are not analyzed (theory: [HUG1] and [HAS1], examples: [MCD1] and
[BIR1]).

The theoretical work in this section is not new. Most of the material has already
been presented elsewhere. Though a complete and uniform treatment of these
phenomena, using the same methods all the way through and also presenting the
methods used in solving the equations has been the aim.

19



2. Theory introduction

2.1 BASIC SYNCHROTRON RADIATION

A couple of general references exist in this subject. Such as E.E. Koch [KOC1]
andH.Winick[WINlI.

Synchrotron Radiation (SR) is photon radiation ("light") and can possess almost
any wavelength: Infra red - visible - Ultra violet - X-ray. The name is given not
because of any special character of the light, but of the machines in which the
radiation was first seen.

Synchrotron radiation is the electromagnetic radiation emitted by a charged
particle when it is accelerated. This is mainly achieved when the particle makes
sharp turns. The most effective emitters of Synchrotron Radiation are the lighter
particles. A natural choice is thus to use electrons or, of some accelerator
technical aspects, positrons. In the following it will most be talked about
electrons, but at any point it could as well be positrons.

To reach the interesting parts of the spectrum very high electron energies are
needed. The electrons have to be relativistic which is achieved in the laboratory
by accelerators. The machines used initially were synchrotrons, which are a kind
of particle accelerator. The machines used nowadays to generate SR are
normally storage rings, which can be seen as a development of the synchrotrons.

2.1.1 General characteristics

Synchrotron radiation [KRIl] is emitted by the electron in a direction strongly
dependent upon the electron energy. At low energies the radiatiodn is emitted
both in the forward and backward directions (fig 2.1a). This is the common
angular distribution of a radio antenna. At higher energies the distribution
changes dramatically to form a narrow cone in the forward direction (fig 2.1b)

Fig 2.1 a & b Angular distribution of the radiation from a moving charge, a) At
low velocities, b) at relativistic velocities.

The spectrum emitted by an electron in a bend at high energies is very long and
fairly flat (fig 2.2).

20



2. Theory introduction
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Fig 2.2 Spectrum from a bending magnet, with a mark at the critical photon
energy.

It can be understood that this is really the case because the radiation from the
electron is emitted in an extremely short pulse. A Fourier expansion of a very
short pulse gives a long spectrum.

The spectrum is often characterized by the critical wavelength which is close to
the maximum of the spectrum. It is defined as:

3Y3

where:

p is the bending radius for the electron path at the moment of emission,

yis the energy / rest mass of the electron

Typical values are:

p = 2m

and

y=2000 (~lGeV)

which gives:

Xc = 1 nm equivalent to an energy of 1240 eV.

[2.1]
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2. Theory introduction

2.1.2 Mathematics

Several authors derive the radiation from a moving charge in acceleration [KRI1]
[JAC1].

The fields around a point charge in motion are described by so called
Lienard-Wiecherts potentials. From these potentials the electric field can be
written. Poynting vectors of these fields will give the energy flux, and then the
photon flux is rather close at hand. The derivation is presented here in a few
sentences, although in reality it is very pen and paper consumptive.

The intensity (energy per electron, per unit solid angle and frequency ) is given
by [JAC1] (here in MKSA units):

A - , .

^rUI2, [2.2]

where e is the electron charge, co the frequency of the radiation, Q the solid
angle, n a unit vector from the source to the detection point, p the electron
velocity and r the electron position.

This is a general formula, though some approximations have been made ( for
example that the observation point being far away). It is thus also the basic
formula used in the treatment of both undulator radiation and harmonic
generation.

By using the proper [5 and T(t) the intensity from a bending magnet can be
derived (MKSA units) [KRI1]:

(2.3]

where:

p = Bending radius

y = The angle perpendicular the bending plane

22



2. Theory introduction

K=Modified Besselfunctions

The first term in eq [2.3] applies to the radiation polarized parallel to the electron
motion, and the second term to that polarized perpendicular to the electron
motion.

As already mentioned the radiation is confined within a narrow cone, which
means within a small vertical opening angle \j/. The opening angle varies over
the spectrum, but an assumption can be given for the critical wavelength [KRI1]:

Vmax * - [2.4]

where y is the energy per rest mass of the electron.

The horizontal opening angle is limited by the angle covered by the electron. In
principle the electron can make a complete 360^ tum, giving a horizontal angle
of36tf\

The restriction is normally the beamport aperture, where the radiation can be
extracted, normally just a few mRad.

2.2 ACCELERATORS

So far two types of accelerators have been mentioned, the synchrotron and the
storage ring. These are only parts of a larger system, which altogether makes the
accelerator.

A description of the theory of accelerators can be found in references such as:
[SHA1] [CAS1] [KRI1] [SAN1]

The first building block of the accelerator "meccano" is the particle source. In an
electron accelerator an electron gun is used. For a positron accelerator it is more
complicated. Normally a beam of electrons are accelerated and directed onto a
target. In the collisions gammas are created, and in the subsequent pair
production positrons are created, together with electrons. These positrons are
collected and further accelerated.

From the electron gun, or positron target, the particles are injected into a
preaccelerator. This can be a linac (linear accelerator) or a microtron (only
electron mictrotrons exist so far). The different types have different advantages
and fulfil different needs. The result from all of them is a beam of accelerated
particles. These are then transported through the transportation system via a
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2. Theory introduction

booster synchrotron, to increase the energy, or directly to the storage ring, into
which they are injected and stored. Often a second acceleration can take place in
the storage ring.

A system using an undulator or wiggler for synchrotron radiation needs a storage
ring, while a system to create a FEL in many cases needs only a linac or a
microtron.

Below some of the important factors of the operation of a storage ring are
summarized.

Lattice and betatron oscillations

The lattice of a storage ring is the total set up of magnets used to steer the particle
beam around the accelerator. These magnets are designed to suit an ideal path
around the machine. No particle really follows exactly on the ideal path, but they
oscillate around it. These oscillations, vertically and horizontally, are called
betatron oscillations. The frequency of these oscillations is critical to the stability
of the machine.

Dispersion

As particles with different energy are affected differently by the same magnetic
field, the particles will follow slightly different paths around the machine. The
dispersion is defined as:

where x is the transverse position of the particle and p is the momentum of the
particle.

Emittance

The electron beam in the storage ring can be treated as an ensemble of electrons
moving in phase space. For each of the two transverse directions each individual
electron can be plotted into a position-angle diagram. The ensemble of electrons
will form an ellipse, which can be proven to have a constant area around the
storage ring. The emittance ( e ) is defined through this area (A = K e ) .

The size and angle (divergence) of the electron beam is scaled from the
emittance by the amplitude of the betatron function.
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2. Theory introduction

The size is given by: ox(s) = Vepx(5) and the divergence by: 0^(5)

where (3* is the amplitude of the beta-function.

Bunches

The electron beam in the storage ring is not continuous, but is made up of one or
several short bunches. Each bunch is typically a few centimetres long and the
distance between two bunches of the order of one to ten meters.

The storage rings are normally distinguished between running in "single-bunch"
or "multi-bunch" modes. Single bunch means that only one bunch circulates in
the ring, while multibunch means that all, or almost all, bunches that fit into the
ring are used.

2.3 UNDULATORS

In earlier chapters the phenomenon synchrotron radiation has been described. In
the world of synchrotron radiation there exist a couple of devices to improve the
radiation. Two main devices can be distinguished: undulators and wigglers. Both
are so called Insertion devices. By an insertion device is meant a device that is
not a part of the ordinary machine lattice, and it is thus not necessary for the
operation of the machine. On the contrary it often makes the operation more
difficult. (Of course there are exceptions. Wigglers can be used to damp
instabilities in storage rings, but then the ability of generating synchrotron
radiation is often secondary).

The difference between a wiggler and an undulator is a little bit arbitrary and a
couple of different definitions exist. Both types of insertion devises consist of a
couple of extra magnets placed in a section of the storage ring where the
electrons normally travel in a straight line. The magnets create together a field
that gives some kind of sinusoidal function along the electron path. The intention
is that the electrons should make a couple of bends, or wiggles, and then
continue on its ordinary path.

The difference between the two devices is that in a wiggler the electrons make
just a few sharp bends, emitting radiation in a spectrum similar to an ordinary
bending magnet. In the undulator though, the electrons make several small
wiggles. The light emitted in one wiggle will interfere with the light emitted at
the next one. This will give traditional interference effects, with sharp peaks in
the spectrum at the places of positive interference. Due to the random
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2. Theory introduction

distribution of the electrons there is no interference between different electrons,
only for radiation emitted by the same electron, but at different times/places.

2.3.1 The magnetic fields

To build the periodic magnetic fields several magnets are needed. There is a need
to design well behaved magnetic fields. The reason is twofold. First the storage
ring cannot keep the electrons in a stable path with any nasty field as an obstacle
in a part of the machine. Secondly the spectrum emitted, especially by an
undulator, is deteriorated if the magnetic fields are irregular and not well
behaved.

In the undulator the wavelength of the harmonics in the forward direction is
given by (The derivation is done in chap 3):

M=^(l+^T)

Ik-f 2

where:

Xw = period in the field of the undulator
K = the undulator strength parameter, normally in the range 0.5 to 5
k = harmonic number
Y=The relativistic energy
With this "restriction" there are a couple of ways to reach the often desired short
wavelengths:
* High electron energy
* Short undulator periods
* Low K-value
* Using high harmonics (high k)

These different criteria are not possible to fulfill at the same time, and do not
always lead to higher photon flux. At low K, which means a weak undulator,
very few photons will be emitted, and the high harmonics will not be seen. A
short period put severe demands on the magnet technology and high electron
energy is only achieved in large and expensive accelerators.

A possible choice (to see the orders of magnitude) could be:

y=2000 (\GeV)
Xw- 10 cm

26



2. Theory introduction

K =2.5
B = 0.25 T

which gives a wavelength \ = 52 nm

By using higher harmonics shorter wavelengths can be reached. The tenth
harmonic gives X = 5.2 nm, which approaches the x-ray range.

The wiggler is often used to generate shorter wavelengths than the bending
magnets can produce. This is done by using higher magnetic fields than in the
bending magnets. A magnetic field of 1.5 T for a normal conducting and 5 T for
a superconducting magnet will give a critical wavelength of 1.6 nm and 1.0 nm,
respectively.

2.3.2 Design of magnetic fields

The overall construction parameters are roughly given from the above section.

For an undulator several periods of a sinusoidal field has to be created. The
source of the magnetic field is either an electromagnet or permanent magnets. If
a very short period is desired, the permanent magnet construction is often the
only possible one due to the compactness. Other factors, strength, need for power
supplies etc., also make the permanent magnets the most common so far.

In the overall construction two different types can be defined: the pure magnet
and the hybrid type (See fig 2.3).

Permanent
magnet

-» 4. *- T -» 1
i

«-

«- I -• t «- -•

All magnet Hybrid

Fig 2.3 The two types of undulator construction. The all pure permanent magnet
and the hybrid type.

The two constructions have different advantages. Until fairly recently the hybrid
device seemed to be the dominant one. This is due mainly to the fact that it
contains less blocks of magnetic material per period, making it easier to create
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short periods. It also has iron poles which conduct the magnetic flux. As iron is
easy to machine it is also fairly easy to get a well-defined magnetic field.

As longer undulators (5 - 10 m) are becoming more and iiiore interesting the
construction constraints are getting higher. A desire to produce undulators in
sections has thus arisen. The problem with this technique is that a hybrid
undulator does not give a well behaved field at the connection point, while a pure
permanent magnet undulator in simulations does [WAL1].

The choice of magnetic material is not entirely simple. A couple of special
materials, such as SmCo, NdFe-compounds exist. They are in many aspects
superior to ordinary ferrite magnets: higher magnetization, better time and
temperature stability, although they are not necessarily the most cost effective
[ERI1].

Undulators are also designed to give helical fields. Two plane Undulators can be
combined. One mounted on the side, and moved ahead a half period (see fig 2.4).

Side view Front view

1' i

9 i 0 i «
1
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Fig 2.4 Schematic drawing of a helical wiggler made of two wigglers placed at
90 degrees to each other. The arrows indicate the orientation of the magnetic
field.

The accuracy of the fields is checked by measuring and calculating the first and
second integral of the fields.

4 ^

\B(z)dz [2.7a]
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[2.7b]
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The magnetic field is proportional to the force perpendicular to the electron beam
on the particle. The first integral is proportional to the perpendicular velocity at
the position L, while the second integral is proportional to the perpendicular
position at z = L.

For the operation of the storage ring it is important that the deflections imposed
by the undulator on the electrons are small. Ideally no transverse displacement
(second integral equal to zero) and no angular deflection (first integral equal to
zero) is allowed. In an actual case the undulator can not achieve this completely
without extra measures. Correction mechanisms are thus built into the undulator
to adjust the integrals.

One main source of errors are found at the end magnet, due to the end fields. The
undulators are thus often built with systems to correct the end fields (fig 2.5 a).
These systems contain additional magnetic fields created by, for example,
electric coils or rotatable permanent magnets.

Magnet Coil

<-
X—> X

Pole

Fig 2.5 a & b Two corrections methods for the magnetic fields, a) Using an
electric coil, b) using a "tuning stud".

Corrections on the magnets inside the undulator are sometimes also necessary.
On permanent magnets this is normally done by inserting small studs into the
backframe of the undulator, deflecting some of the magnetic field (fig 2.5b).
Separately powered electromagnets are of course easy to correct, while other
electromagnetic designs use solutions like those used on permanent magnet
devices.

2.3.3 Operation

The spectrum of the emitted light from an undulator consists of, as mentioned, a
couple of interference peaks. These are positioned at:
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"kw K \

where £ is the harmonic number.

[2.8]

A couple of possibilities for changing the wavelength can be seen from the
formula. The period of the undulator, Xw, is normally not possible to change.

It is possible to change the electron energy, y, in many accelerators, but in reality
it disturbs other people working at the accelerator at the time, so it is not a
practical option.

Jumping in harmonic number, k, is possible. This will not mean a continuous
spectrum of course, and for some undulators the number of usable harmonics is
fairly low. The remaining possibility is the K factor, which is proportional to the
magnetic field, B, on the undulator axis. In an electromagnetic undulator the
magnetic field on axis can be varied by simply regulating the current. In a
permanent magnet undulator the regulation of the magnetic field is done by
moving the magnets. By moving both magnetic sections apart the field decreases
and by closing the gap it increases (see fig 2.6). This movement has to be done
with great accuracy.

Fig 2.6 The behaviour of the magnetic fields in the undulator at different gaps.

The goal in a specific construction is normally to operate the undulator at a
K-value as high as possible. Generally, though, the maximum photon flux at a
certain wavlength is given at an intermediate K-value which is optimized for the
situation.

A large magnetic field is achieved by closing the undulator to a small gap, which
implies that only a small vertical aperture remains for the electron beam. The
storage ring that houses the undulator system thus often has to be specially
prepared. Two main factors are of importance: The minimum space necessary
for the electron beam, and the vacuum chamber thickness.
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If the vertical size of the vacuum chamber is reduced the aperture of the storage
ring as seen by the electrons is reduced. Several effects define the lifetime of the
electron beam in the storage ring (vacuum, aperture, the Touschek effect etc.). If
the reduction in aperture is large the lifetime of the electron beam can be reduced
and the injection of the electrons into the storage ring may be adversely affected.
The vacuum chamber is formed to suit such a r. inimum size, and takes a flat
form (see fig 2.7).

Fig 2.7 Schematic view of a thin flat vacuum chamber surrounded by an
undulator.

Other schemes to reduce the size of the gap include:

- Putting the undulator inside the vacuum chamber. This is the best solution in
terms of the size, though from a vacuum technical point of view the undulator is
a "dirty" device.

- Making grooves in the chamber into which the undulator magnetic poles fit.

- A "squeezable" chamber, which varies size with the undulator gap. A large gap
can be used during injection, at low energies and when absolutely no influence
on beam lifetime can be accepted. The vacuum chamber design though becomes
complicated, especially for longer undulators.

Other influences on the storage ring are due to disturbances in the e-beam path,
due to the extra magnetic components. They are manifested both in the form of
non-zero integrals of the magnetic field, which steer the beam, and in focussing
of the electron beam by the undulator. Further, an electron that does not pass
exactly in the centre plane of the undulator will be steered.

The undulator also disturbes the storage ring operation by its pure existance, as it
breaks the symmetry of the storage ring. This gives rise to beatings in the
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amplitude of the betatron oscillations which reduces the dynamical aperture of
the machine and opens new stopbands.

A position and/or angular error needs to be corrected as such an error both can
influence the operation of the ring, but more important is that the position of the
source is changed for other experiments connected to the ring. In some
circumstances this correction can be done by the built-in correction devices (fig
2.5). Otherwise extra correctors are needed close to the undulator.

The changed focussing around the ring need not be a problem, although it often
is. A change in focus causes a change in betatron oscillation frequencies. When
the betatron frequency changes there is always a possibility that they approach a
resonance, which might cause a loss of the electron beam. An additional
complication is that the undulator focuses differently at different K-values
(gaps). Thus certain K-values can make the machine unstable, while others are
perfectly alright. The effects are very difficult to predict during construction
which makes it necessary to have compensation possibilities in the storage ring.
Once the right corrections have been found though, the situation is stable and
repeats itself.

In machines when the electron beam is injected at an energy below the
operational energy and then accelerated, the undulator normally causes greater
problems. As the effect on the electron beam by the undulator is larger the lower
the beam energy, it is necessary to be able to reduce the undulator K-value until
the electrons are no longer disturbed. This means a very large gap for a
permanent magnet undulator.

2.3.4 Mechanical design

The mechanical construction of an undulator is normally fairly straight forward.
Some of the key issues are mounting of the permanent magnets, machining the
poles faces (hybrid design) and gap movement. The construction has to be
extremely rigid even though very strong magnetic forces are present.

In fig 6.1 the mechanical construction of the MAX-lab undulator is shown, which
can be taken as an example.

The iron poles were machined in one process after mounting to achieve an error
as small as possible. The magnetic blocks were mechanically clamped one by
one into position between the two aluminium sides on the two I-beams. The gap
movement is performed by one central stepping motor, which moves four screws
via chains and shafts. The simultaneous movement is thus ensured. The
enormous attractive magnetic forces (4000 N) between the two magnet sections
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are partly compensated by a number of springs on each I-beam. The I-beams are
the main components giving the desired rigidity of the construction.

2.3.5 Specialities

Superconductivity

In wigglers it is desirable to have very strong magnetic fields. A strong magnetic
field shifts the synchrotron radiation spectrum towards shorter wavelengths (eq.
[2.1] and fig 2.2).

It is difficult to achieve an on-axis field greater than 1 T with a permanent
magnet. This problem may be overcome by the use of electromagnets; the field
strength may be increased even more with the addition of superconducting wires.
A superconducting wire is a copper wire supplemented by thin filaments of the
super conducting material (for example NdTi or NdSn). These wires are wound
into coils which are cooled by liquid Helium to 4.2° K. Several special problems
arise in using this technique.

The basic problem is to keep the coils cool. The whole wiggler is mounted inside
a cryostat which is precooled by liquid nitrogen, and the inside with liquid
helium. The precooling with liquid nitrogen is often replaced by a number of
heat shields. The electron beam can cause problems in the cryostat. Synchrotron
radiation from the beam may hit some part of the inner walls of the wiggler,
causing the entire device to heat up. The inner walls can be constructed to be
warm or cold, which both give rise to specific problems in the construction.
Another problem is the current leads to the coils which also carry heat into the
cryostat.

Superconducting magnets can further not rely on iron to "form" the magnetic
field, as iron is saturated at 2 T, and above those fields acts as air. The precision
of high magnetic fields produced by superconducting magnets is thus not as high
as field from normal magnets. Another more frustrating problem is that the
superconducting wire not only looses its superconducting ability at higher
temperatures, but also at high currents and high magnetic fields. This has created
designs with divided coils [ANA2] in which coils with lower current densities
are placed in regions with high magnetic fields and v.v. In the process of cooling
down a magnet not only the insulation counts, but also the total mass. In a case
with repetitive cooling and wanning up a solution can be a design with very little
iron, as iron is expensive to cool but has little effect on the magnetic field.
[WER5]
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Short period undulators

New types of undulators are designed to fulfil special demands. To reach shorter
wavelengths devices with very short periods are constructed: micropole or short
period undulators. The main problem is that the period length of the device has to
be longer than the gap for the electron beam. As the period lengths are coming
down to = 20 mm the gap must be reduced to less than = 10 mm. Extremely thin
squeezable chambers become necessary [MEI1].

OK or TOK

An optical klystron (OK) is both a device and a technique (see chap 5.1.1). The
device consists of two undulators positioned after one another, and some kind of
strongly dispersive element in between (normally a wiggler) (fig 2.8). The use of
an OK is to enhance the gain in a Free Electron Laser (see chap. 5). The path of
the electron beam through an OK is shown in fig 2.9.

t i i T I T i T T T i T i

t i T T i T i T T i T i T i

Fig 2.8 Layout of the magnets in an optical klystron (sideview).

Fig 2.9 The path of the electron in an optical klystron (top view).

The two undulators do not necessarily have to have equal parameters (period,
K-value etc), and the dispersive section can have one or several periods.

A TOK (Transverse Optical Klystron) just specifies that the electron motion is in
the transverse plane.
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3. Undulator Radiation

The radiation emitted from an undulator is synchrotron radiation, but emitted in a
more regular way by several bends in the undulator. An electron emitting light at
one bend will at the coming bends emit more light that will interfere with the
previous light. This will give "interference, or resonance, peaks" in the radiation.
The wavelength of these peaks will be determined by an "interference condition"
dependent upon the "strength" of the undulator, the velocity of the electron
among other parameters.

In the following description only a planar undulator will be considered. The case
often described in literature is the helical case as the mathematical treatment
becomes slightly easier. Most undulators constructed so far arc planar though,
which is the reason for treating only them here.

Several references exist on this subject. They are more or less complete
considering different cases and/or methods. Some of them are [ALF1, KIN1,
M0T1&KRI1].

3.1 PICTURE OF THE INTERFERENCE

The key to understanding the radiation emitted by an undulator lies in the
interference. In a planar undulator the magnetic fields arc all in one plane
(normally vertically) (fig 3.1) and the electron motion is in the plane
perpendicular to the magnetic field (normally the horizontal plane). A velocity
component in the vertical plane also exists due to a finite electron beam size and
the imperfect undulator fields. In this treatment, though, this component is
omitted.

This description will initially only consider the case of a perfect undulator and a
perfect electron beam, and towards the end some errors will be introduced.

Fig. 3.1 Orientation of the magnetic field in a planar undulator.
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The electron will follow a path like in (fig. 3.2) (note the coordinate system).

I 1

Fig. 3.2 Orientation of the electron path in the undulator.

At each "bend" the electron will emit synchrotron light in a wide spectrum (chap
2.1). The emitted light can be seen as a wavefront, or a short pulse. In the
forward direction the emission takes place at the "extreme points" of the sinus
paths and lasts for a short moment (fig. 3.3).

T

i

Fig. 3.3 Emission points on the electron path.

The arrows indicate emission of a wavefront of light. The "up" and "down"
arrow shows that the E-field has a different direction when the acceleration of
the electron is "up" or "down".

The emission takes place at different times, and the light is emitted in a narrow
cone in the forward direction. Looking at only the "up" arrows and one electron
results in the situation depicted in fig. 3.4.
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Fig. 3.4 Schematic representation of the wavelength of the radiation from an
undulator.

The electron emits light at time t\ , ti and n . The light emitted at t\ (arrow 1)
moves along with the speed of light and has advanced a little further than the
electron when the electron emits light at time ti (arrow 2). The distance comes
from the fact that the velocity of the electron is a little less than the speed of light
and that it makes a detour. The result will be a train of wavefronts (arrows). A
Fourier analysis results in the following picture.

T T T

Fig. 3.5 Fitting different wavelengths to the pattern of emission in the undulator.

1 1
A sine wave with a wavelength of A/y, - ty, - Xy... will be seen.

The result including the "down" arrows can be seen in (fig 3.6).
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l/T\i/T\l/T

i\M/i\M/A/P

Fig. 3.6 Fitting the 1st, the 2nd and the 3rd harmonic to the pulse train.

The - Xy does not fit. It will be shown in Appendix - Undulator Radiation that

only the so-called "odd harmonics" will be seen in the forward direction, while
the even ones will be seen if viewed at a small angle.

Another very important thing also happens at small angles from the straight
forward direction: the wavelength of the resulting light changes (fig 3.7).

Fig. 3.7 Wavelength of emitted radiation emitted at an angle 0.

The wavelength becomes longer by cos 0.

The introduction of the "down" errors for this case can be found in (fig 3.8)
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i i
Fig 3.8 The total picture of the wavelength of the radiation emitted at an angle.

The distance between the different pulses (arrows) at an angle is no longer
regular, and it can be imagined that in a Fourier expansion also other components
(here the even harmonics) will exist.

3.2 BASIC MATHEMATICS

In this chapter the basic formulas will be stated. Just very rough hints will be
given on how to deduce a certain formula. The complete derivation is instead
given in Appendix - Undulator Radiation.

By assuming the perfect case of a magnetic field with only a vertical component:

B=Bj=Bosm(^)x [3.1]

and with no electric field, E = 0, the equation of motion becomes:

() qvxB [3.2]

The velocities become:
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x = const. = 0
K ,2nz

(
[3.3]

where

& = -
Y

[3.4]

The wavelength of the radiation becomes (see Appendix - Undulator radiation):

2Y2

K
[3.5]

The next step is to calculate the intensity (photons per second) of the radiation.
The starting point is the same as for the synchrotron radiation, eq [2.2]

To solve the integral in [2.2] the velocity and the position of the electron as a
function of time is needed, plus the direction to the observation point, n. The
position (r ( t ) ) is achieved by direct integration of the velocity.

The n vector is given by fig. 3.9 and eq. [3.6]:

n = ( sin 0 sin (p, sin 9 cos (p, cos (p) [3.6]

6

Fig 3.9 Definition of the angles 8 and <(>

The result becomes (see Appendix - Undulator Radiation)

4
4 rce c

[3.7]
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where:

41?
G

i+T

(Y9)2S?sin2<p] [3.8]

q

sin2{[— -
0)i

[3.9]

This is the energy emitted by one electron per meter wavelength and solid angle,
k beeing the harmonic number and n the number of undulator periods.

The result, [3.7], is given for any angle 8 and <p. It can be simplified to the
forward direction, 6 = 0. In the derivation, see Appendix - Undulator radiation,
the terms with an even k disappear and the result becomes:

[3.10]
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3.3 DISCUSSION OF CHARACTERISTICS

The results from the previous section (eq. [3.7] and [3.10]) are not very
enlightening at first glance. Fortunately they tell something more.

3.3.1 Linewidth

The spectral linewidth of each interference peak in the spectrum depends upon a
couple of factors: natural linewidth, radiation linewidth and undulator error
linewidth.

The natural linewidth has its source in the finite numbers of periods in the
undulator. It can be deduced in two ways.

1/ The H-factor [3.9] contains the intensity dependence of the frequency
(wavelength). It has a maximum at % i - k = 0 and a minimum at

( k

giving

A© [AX
IS [3U!

2/ Regard the emitted light as consisting of kN periods. A Fourier transformation
of such a pulse train will give a peak in the frequency domain with a width of

1 [3.12]
kN

The radiation linewidth is given from the expression for the wavelength [3.5].
Differentiation with respect to 6 gives

_
dö k
Define an effective dX,

so it is possible to write
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0.13,

where 0O is the opening angle of a detection system.

The radiation linewidth exists due to the fact that the radiation is always used
with a certain minimum opening angle. In addition to that, the electron beam
always contains a finite amount of angular divergence, which has the same
effect.

Normally "far fields" are studied where the undulator length is much shorter than
the distance to the detector, thus the undulator length can be omitted in the
radiation linewidth.

The undulator error linewidth is given by the errors in the magnets (strength,
period and gap) of the undulator. The K-value [3.4] of the undulator can be
written approximately as a function of these parameters [ERI2]. For a hybrid
undulator the expression becomes:

K = a\wMeb(~f)-n\¥ [3.14]

where a is a constant, b - 0,0176 is a constant, M is the magnetic dipole moment
of the magnets in the undulator, g is the magnetic gap and %w the period in the
undulator

The K-value can be differentiated with respect to the error parameters, as with 6
above. The total linewidth contribution from undulator errors can be written

•A.

X uerr-2 + K2 M 8 ' V 2 '~^T [ ]

where

G = 2b^ + f-g. [3.16]

The consequence of a high K-value can here be seen. In such a case the
sensitivity for undulator errors increase.

The linewidth due to an error in the electron energy can be achieved by
differentiating the wavelength, eq. [3.5], with respect to the energy, which gives:
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[3.17]

The different errors are added quadratically as they can be regarded as
independent

J .AK.2 , ,A7t si , / AX, >2 . / Aj 2
1 ~ * X 'na* ^ T, -'ra<f'l"v y 'uerr^y „ 'energy

Out of this an optimum opening angle is often defined, neglecting the magnetic
errors. The result is the opening angle, 8, that is as great as possible without
making the radiation linewidth larger than the natural linewidth.

i t*. [3.19]

[3-201

3.3.2 Radiated energy

With expressions for the linewidth and the opening angle it is possible to
calculate the radiated energy.

It can be written as

2
^ p.2i]

By using the natural linewidth [3.12] and the maximum opening angle [3.20] the
final result becomes

W 2%2c T3 221W ft [3'221
This value is dependent upon the definitions of the optimum opening angle,
dominated by the natural linewidth.
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3.3.3 Brilliance

One of the main advantages of the undulator radiation is the small opening angle.
The concept of brilliance is defined in order to make a comparison with ordinary
bending magnets in a storage ring while taking into account the small opening
angle. Brilliance is the number of photons per second, meter wavelength and
illuminated area, or in other words flux per phase space area [ESRP] [JACO1].

The phase space area is given by:

I x I y 2 « 2 y 2 « 2 y = 4 7t2 Zx Zj, I*- 2y . [3.23]

The Is are given by

<# , [3.24]

where ax is the electron beamsize and a/ is the divergence, while ar and <v is
the contribution for the radiation. o r is given for a gaussian beam by

where L = NUXW is the undulator length and X the wavelength of the radiation.

<V is given by [JACO1]:

L L
[3.25]

The precise definition might vary by small coefficients due to different
definitions of the a's.

If <V > Gx' and Or > Ox the situation is said to be diffraction limited.

3.3.4 Angular dependence

From the expression for the wavelength of the light [3.5] it is easily seen that for
light emitted away from the forward direction, 8 = 0, the wavelength increases.
This is the reason behind the beautiful "circular rainbows" that are often shown
of undulator radiation in the visible range (fig. 3.11).

Not only the wavelength changes with the angle, but the intensity changes as
well. In the approximation for the intensity in the straight forward direction only
the odd harmonics remained, while the even ones came at angles different from
zero. Fairly complete diagrams are given in [TAT1].
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The complete angular dependence is hidden in the G-factor [3.10], but can be
sketched as in (fig 3.8).
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Figure 3.10 Angular dependence of the emitted radiation in the plane of motion
(left) and perpendicular to the that plane (right) (equal to fig 8.4 & 8.5).

As already stated it can be seen that the even harmonics have zero intensity at
0 = 0. They also have very low intensity in the plane perpendicular to the
electron motion. The odd harmonics are strong at 9 = 0. At angles different from
zero they die out faster in the plane of motion than in the plane perpendicular to
the motion.

As an example, consider a case in which the first harmonic is tuned to - 450 nm
(blue). The spectrum can be visualized as in (fig 3.11)

Green
Blue

Fig 3.11 Visualisation of the radiation pattern of an undulator tuned to the
visible. The central cone given by the firs', harmonic and the outer cone by the
second harmonic. Areas not indicated have radiation, but outside the visible
wavelength region.
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From (fig 3.10) it can also be seen that the approximation made of the opening
angle of the light (eq. [3.20]) is very rough. While the opening angle of the
second harmonic according to (fig 3.10) is larger than for the first, the expression
[3.20] shows the opposite behaviour.

3.3.5 Polariaztion

The polarization pattern is not trivial. The only help to derive the polarization
properties is given in basic formula for the electromagnetic field. ( see the eq
14.14 in [JAC1]).

— A — A

E*>—rr ^i-x[(«-P)xP] [3.26]

In the forward direction where n is parallel to p and perpendicular to p the
E-vector is parallel to p, e.g. in the plane of motion. For other directions the n
vector does not fulfil these criteria and the cross products gives other
components to the E-vector.

3.4 AN IMAGINARY CONTRADICTION

The expression for the wavelength [3.5] tells that by increasing the magnet
strength (translated into increasing the K-value) means increasing the
wavelength. As it is often interesting to achieve short wavelengths, this action
seems strange.

What is not expressed in eq [3.5] is that by increasing the K-value the high
harmonics gain intensity. A net gain towards shorter wavelengths can thus be
achieved. The first harmonic may increase its wavelength by a factor of two
(shifting from K=l to K=2), while it might be possible to use the fifth harmonic
instead of the first with equal intensity, which is a net reduction of the
wavelength by a factor 2.5.

While thinking in terms of reaching short wavelengths by using high harmonics
some other ideas can be pursued. By using the picture of Fourier transformation
of a train of SR pulses from each undulator magnet some conclusions can be
reached.

To increase the strength of the high harmonics it is favourable to decrease the
linewidth by a pulse train which is as long as possible ( = a long undulator).
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Another important quality is given by the linewidth due to undulator errors,
which in fact tells how precisely the strength and distance in these pulse trains
are defined. This is equivalent to saying that the undulator must be very precisely
constructed and that the electron beam must be of very high quality.

These two last ideas (long undulator and a perfect undulator with a perfect
electron beam) are contradictory. Making a long undulator is more difficult than
making a short one, and a slightly larger emittance or energy spread perhaps
does not matter in a short undulator, while it is disastrous in a large one.
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4. Harmonic generation

The name "harmonic generation" is taken from laser technology, and refers to
the creation of higher harmonics of radiation from a laser. In laser technology
this is done in nonlinear processes in crystals, solids etc. In these processes a
couple of laser photons "add up" to one single more energetic photon.

In the harmonic generation, as referred to in the context of undulators and
storage rings, the final result is very much the same: a coherent laser-like beam
emitted at a wavelength corresponding to a harmonic of the laser wavelength.
The great difference lies in the fact that the laser does not have anything to do
with the emission of photons. The emission is done by the electrons, just as in
the ordinary undulator. The laser, which is necessary even in this process, does a
different job.

4.1 BASIC DESCRIPTION

In the harmonic generation using an undulator, a laser beam is focused onto the
electron beam inside the undulator. Due to the character of the motion of the
electrons and the direction of the polarisation of the laser light, an energy
exchange can take place between the electrons and the laser beam. If a resonance
condition is fulfilled (the iaser wavelength should be any of the odd harmonics of
the undulator [VIG1]) a periodic change in energy along the electron beam can
be achieved. This energy modulation is then transformed, in the middle of the
undulator, to a modulation in position. The electron beam will thus have a
density fluctuation along the beam axis, with a period equal to the wavelength of
the laser. Finally, the electrons radiate in a similar way to what they do in the
ordinary undulator. But due to the density fluctuation with the same period as the
wavelength of light, the light emitted by the electrons can interfere coherently.
As the undulator radiates at wavelengths equal to harmonics of the laser
wavelength, this coherent radiation will also be emitted at wavelengths equal to
higher harmonics of the laser wavelength.

The whole system can be seen as a wavelength shifter, shifting the laser towards
shorter wavelengths, where all (odd) harmonics will be present at the same time.

The whole process can be divided into three parts:

- Energy modulation
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- Spatial bunching of the electron beam due to the energy modulation

- Radiation, coherent due to the bunching.

While the energy modulation is done in the first part of the undulator, the
bunching in the middle and finally the radiation in the last part of the undulator.
It is in reality impossible to distinguish between different regions where different
things happen, but to receive coherent radiation the bunching must have taken
place, and to get bunching the energy modulation has to exist. A rough
approximation is thus that the energy modulation happens in the "first half of
the undulator. The bunching in the "middle half and the radiation in the "end
half. Three half undulators? Well the processes overlap, and this should only be
seen as a suggestion of where different things happen.

4.2 FIRST MATHEMATICS • ENERGY MODULATION

The actual force equation is given by:

j t x B ) . [4.1]

By writing the electric field of the laser as:

E = Eoy

the magnetic field is given by Maxwells equations as:

B = - — x.
c

If the velocity is only parallel to the beam axis (z-axis), not much would
happens:
_ A

v = v z ,

[4.2]

In fact the approximation is not necessary. Since the light wave travels faster
than the electrons, the force changes sign over time and the time average is 0.
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The solution is to introduce a velocity component perpendicular to the beam
axis.

The velocity is composed of two components, one parallel, and one
perpendicular to the beam axis:

+ y y . [4.3]

The force equation gives:

[4.4]

The force [4.4] is not necessarily very close to 0. In an undulator, $y changes

sign at each pole of the device. If it would be possible to make a change in sign
of (5y and in the E-field simultaneously, an average different from zero could be

achieved.

In fig 4.1 there are four pairs of curves representing the situation at four different
times. The top curve shows the perpendicular velocity of the electrons along the
undulator. On the curve are marked three different electrons. The lower curve in
each pair represents the E-field of the laser at the different times. The electrons
travel to the right along z with a velocity slightly smaller than c, and change their
perpendicular velocity due to the magnets in the undulator. The electric field
travels along z with the speed of light. (The relation between the E-ficld and the
electron velocity is not arbitrary, but chosen to be just on resonance)

At different times the electrons will feel different forces, dependent on the sign
of their velocity relative the sign of the amplitude of the electric field, (see
equation [4.4])

As the force on the particle is proportional to q E $y, and q = -e,\l means that if

E and py have the same sign, the electron will loose energy, and if they have

opposite sign the electron will gain energy.
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Fig 4.1 Electron movement in Harmonic generation. The perpendicular electron
velocity as a function of z (large curves) and the E-field (small curves) at four
different times.
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Returning to (fig 4.1).

In the four diagrams the electrons marked with a square always have the same
sign on py and E, and thus loose energy. The electrons marked with a circle do
the opposite and gain energy.

The distance between the two electrons marked with a circle is one wavelength
of the E-field (the laser). This means that in the electron bunch the electrons will
either loose or gain energy and the periodicity of this change is one laser
wavelength.

Fig 4.2 Energy modulation within the electron bunch.

where: + means a little higher energy than before, o means no change,
- means a little lower energy.

In fig 4.1 the resonance condition can also be seen. The laser electromagnetic
field slips ahead of the electron motion by one laser field period per undulator
period. The result is an electron bunch with a energy distribution like this:

4.3 BUNCHING

An electron that passes a magnetic field travels along a path which is determined
by, among other parameters, the electron energy (velocity). The higher the
energy the smaller the bend of the electron in the magnetic field.

In an undulator magnet this will be seen like an electron with a higher energy
will travel along a path that makes smaller bends, "straighter" (see fig 4.3).
While an electron with a lower energy make larger bends.
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Higher energy Lower energy

Normal energy

Fig 4.3 The different electronpaths for different electron energies.

The lengths of the paths are different, longer for the one with lower energy and
shorter for the one with higher energy. The relationships are the following:

Higher energy - shorter path - shorter time

Lower energy - longer path - longer time

Further a change in energy will change the velocities too, which enhances the
above effect.

In (fig. 4.2) the energy distribution was sketched after the modulator. By
allowing this distribution to pass a couple of periods in the undulator, where the
different electrons follow different paths the following will happen (ideally), see
(fig 4.4).

fy

o o o o o o o
o o o o o o o

Fig 4.4 Spatial modulation in the electron bunch

The electrons which kept their energy travel undisturbed, while the ones with
higher energy take a shorter time to pass, and thus arrive a little bit too early. On
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the other hand the ones who have lost energy take a longer path and arrive late.
The result is a bunching of electrons. Note that the length between each place
with more electrons is one period of the laser wavelength!

This electron distribution can be expanded in a cosine series:

n<ot) [4.5]

The strength of each component an is, of course, dependent upon how well the
energy modulation and the bunching process is achieved.

4.4 RADIATION

The radiation process is made in the same manner as for the ordinary undulator
radiation. The difference lies in the fact that for the undulator the radiation was
from individual, randomly distributed electrons, and thus no interference could
take place. Now, the electrons are not randomly distributed any longer, but have
well defined positions with a period equal to the wavelength of the light. They
become light sources interspaced with one period of the emitted light, and they
can thus interfere positively.

A simple way to picture this is to regard a series of light bulbs (fig 4.5) which
have a dimension much smaller than the wavelength of light. If the distance
between each lamp is one wavelength, all light will emerge in phase and amplify
each other.

Fig 4.5 Interference from three lamps whose dimension is smaller than the
wavelength of the emitted light.

The calculation of the intensity emitted by an undulator in chap 3 and Appendix -
Undulator Radiation, was made for one electron, with no correlation to other
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electrons. To describe the total radiation for the Harmonic Generation process,
the total distribution of electrons [4.5], which describes the relation between the
electrons, has to be used.

The total derivation is given in Appendix- Harmonic Generation.

The result is similar to the undulator case [3.10], except for an improvement
factor:

Where

i
dadil °
is the intensity from ONE electron in the ordinary undulator in the forward
direction.

an is the Fourier component in [4.5]

§£ is a reduction factor due to an energy spread in the electron beam.

8(p is a reduction factor due to an angular distribution in the electron beam.

Ne is the number of electrons in the electron bunch.

The improvement from the radiation emitted by all electrons in the ordinary
undulator to the radiation emitted by all electrons in Harmonic Generation is
given by:

(anhE\)2Ne [4.7]

Q 1 O

As the number of electrons is very large (10 - 10 ) , the 6 factors around one
( 0.5 - 1.0 ) and the strength of the lower harmonics, an, can reach 0.1 the
improvement factor can become very large.

From [4.7] it can be seen that there is a possibility to reach high improvement in
high harmonics, if the harmonic content of the electron current is large. The idea
is of course tempting. An improvement of a factor of 108 in the 10th harmonic of
the ordinary undulator radiation. This can mean very short wavelengths (less
than 100 nm).
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Another very interesting fact is of course that the basis in the whole process is
the coherent emission of light by the electrons. Thus the radiation emitted in both
the fundamental and the harmonics by Harmonic Generation is coherent, and
laser like.

4.5 LINEWIDTH AND OPENING ANGLE

Two other nice features of the coherent radiation is the linewidth and the opening
angle.

The linewidth is given by the number of periods in the microbunching inside the
electron bunch. The longer the pulse train of electrons, the more precisely the
frequency of the radiation is defined.

With a bunch length of V2~oz, a harmonic number of n, and a laser wavelength

of XL, the number of periods inside the electron bunch becomes:

. [4.8]

The linewidth, by Fourier analysis, is given by:

— = — = -7—^— [491

In this formula it is worthwhile noting that the wavelength of light, which is
short, is written in the numerator. The macrobunchlength, which can be large
(centimetres at least) is in the denominator. Thus the linewidth of the radiation

can be extremely small (< 1 1 0 ) .

The opening angle can be estimated from laser physics (see for example [SIE1]).
The solid angle of the radiation from a gaussian beam is there given as:

i 2 . [4-10]

where w0 is the beam waist. The beam area is roughly:

w* = J2ax<2ayf [4.11]

which together gives:
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I2

2 n n ax o>

[4.12]

The opening angle normally does not differ much from that of ordinary
undulator radiation, even though it can become slightly smaller.

4.6 RADIATED ENERGY

The radiated energy is given by the energy emitted by all electrons integrated
over the irradiated area (solid angle) and wavelength:

J ä ( a d a J \ " ' V e L [4.133

This is an ideal value that does not take into account the variations in intensity at
different opening angles.
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5. Free Electron Laser (FEU

The free electron laser (FEL) is a laser in the sense that it amplifies the incident
radiation, by something that could be named "stimulated emission". On the other
hand some other typical laser features are not present, such as population
inversion and atomic resonances.

Even the laser medium, which in the FEL is the electrons, is not exactly
comparable. But the name is still not that silly. Light becomes amplified with the
help of electrons that are not bound by atoms, but in a sense free.

Much of the ideas behind the FEL are similar to what has already been said here
about harmonic generation (HG), but one main point is very different. In HG
energy was not given directly to the laser field, but via the ordinary undulator
radiation process. In the FEL energy is really given directly to the laser field, and
the radiation emitted by the electrons in the undulator is of no real use except as
a signal to start the process.

J. Madey elaborated the theory for the FEL [MAD1] in 1970. He extended the
microwave technique into the region of light (infrared to visible) and calculated
the gain for a FEL with a transverse magnetic field. Later he also demonstrated
the technique with an experiment performed at Stanford in 1975.

5.1 SIMPLE WORDS

The different processes in the FEL are very similar to the ones in HG and can in
one special case, the Optical Klystron (OK), be treated in very much the same
formulas. In the FEL the same processes occur, but can not be divided into three
parts as the electrons move continuously in phase space. Instead a complete
treatment has to be made. Other presentations, or parts thereof, are given in for
example [COL2, HAS1, MARI, YAR1].

5.1.1 Picture of the Optical Klystron

The principles of operation of the Optical Klystron (OK) are very similar to the
Coherent Harmonic Generation (fig. 5.1). A modulator undulator is placed
before a short strong bunching wiggler. At the end a demodulating or amplifier
undulator is placed. The processes in the first two are exactly the same as for
HG. In the third step the modulated electron beam is demodulated via the same
coupling mechanism between laser field and electron movement as in the
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5. Free Electron Laser

modulator. By choosing the phase properly almost ALL electrons can loose
energy to the laser field.

buncher
modulator amplifier

Fig 5.1 Principle of the Optical Klystron

The electron beam enters the undulator, and in the first section it experiences an
energy modulation due to the forces from the undulator field and the laser field.
This energy modulation is transformed into a density modulation in a buncher or
the middle sections of the undulator. So far there is no difference from HG. The
last step, though, is again an interaction between the electron and both the
undulator fields and the laser field. The ordinary undulator radiation is of no
importance, though it is still present.

What happens instead is that an energy exchange takes place between the
electrons and the laser field, in the same manner as for the modulator (see chap
4.1). The difference lies in the fact that the electrons are not equally distributed
in the bunch. As the energy exchange will be given with a period equal to the
laser wavelength and the density fluctuations, it is possible to choose a phase
such that most of the electrons are located such that they loose energy to the laser
field, while just a few take energy from the laser field. The net energy transfer
will thus be an amplification of the laser field. The phase can be chosen by
varying the strength (the length of the detour) in the bunching section, or by
moving the second undulator along the beam axis. The first method is preferable.
One important distinction from the FEL is that the electrons oscillate on
resonance with the undulator, while this is not the case in the FEL.

5.1.2 Picture of the FEL

In the FEL the same processes occurs, but not as separated as in the OK. Thus
the very simplifying separation done for the HG and OK can not be done. The
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energy modulation, the bunching and the demodulation are all done
simultaneously (fig 5.2).
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Fig 5.2 Scheme over the FEL principle. Four different cases of electrons. In each
example the top line shows a case with no electromagnetic field present. The
second line a case when the interaction with the electromagnetic field is taken
into account. The length of the arrows is proportional (in some way) to the
electron energy.
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The different electrons move in phase relative to the laser field (compare also fig
4.1). An electron like those depicted in the first example of fig 5.2, will start
loosing energy. As it looses energy, it takes longer turns in the undulator, and
begins to lag behind the laser wave. After a while it will move out of phase and
start gaining energy. It will thus start to shorten its path in the undulator. A
couple of turns later it will again move into the initial phase, where it looses
energy. The electron will oscillate back and forth in phase. Sometimes loosing
and sometimes gaining energy from the laser field.

Another electron starting in the opposite phase (second section of fig 5.2) will
start with gaining energy. It takes a shorter path and arrives before the laser
phase, thus slowly moving out of phase. When it is out of phase it will start
loosing energy and so forth. It will also oscillate in phase.

The net effect of the various interactions is that there are always as many
electrons giving as taking energy from/to the laser field. No net change in energy
in the laser field can be seen.

So far no laser action is achieved.

The solution lies in changing the resonance criterion for the laser to the electron
oscillations in the undulator (third section of fig 5.2). An electron that looses
energy will start to lag behind the regular phase. But as the laser frequency is a
little lower than the "undulator" frequency, the electron will not move out of
phase as fast as before. It stays for a longer time in the area where it gives up
energy to the laser field.

In the fourth part of fig 5.2 the electron will gain energy from the laser field and
start to arrive before the regular phase. As the laser field on the other hand lags
behind the regular phase, the electron will very rapidly move out of phase, and
start loosing energy. It will then oscillate back towards gaining energy again, but
due to the change in laser frequency it will take a long time before the electron
arrives in a phase where it will start gaining energy again.

Taking these two electrons together it is found that initially the sum of the energy
exchange is zero. But after a while all electrons are in a phase where they loose
energy, and the laser field gains energy. A net gain can be achieved.

But, if the process is dragged out for a long time, the electrons will arrive at a
place where they all start to take energy from the laser field (over bunching). But
if the undulator ends before this point, that is not a problem.
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5.13 Microwave analogies

As an aid to those who are into microwave technology the two devices explained
have their twins in the microwave world.

The OK can be regarded as an analogue to the ordinary klystron (fig. 5.3) where

buncher

/ \

input
cavity

electron
gun

\ /

C output
cavity

beam
dump

Fig 5.3 The microwave klystron

the input cavity is the first modulator undulator, the magnet the bunching magnet
and the output cavity the second modulator undulator.

The FEL can be compared to the Travelling Wave Tube (TWT) (fig 5.4)

current coil

electron beam

Fig 5.4 The travelling wave tube.

The evolution of the electron beam is the same for the TWT and the FEL. The
field from the current in the helix varies on the electron beam axis, from pointing
in the forward to the backward direction. This becomes the force on the
electrons. The change in the height of the helix should be compared to the small
deviation in laser frequency from the undulator radiation resonance frequency in
the FEL.
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The main difference between the microwave devices and the undulator devices is
the direction of the E-field of the modulating and amplified wave. In the
microwave cases it is parallel to the main direction of motion for the electron. In
the undulator cases it is perpendicular to the main direction of motion.

5.2 BASIC FORMULAS

As in the previous sections, the complete and complex mathematics is contained
in an appendix (Appendix - Free Electron Laser).

5.2.1 The Optical Klystron

The mathematics presented here follows closely what was presented in the
chapter about HG. A different description using the evolution of the Vlasov
equation is found in some other works such as [BOS1].

As already mentioned the first two steps of the OK are the same as in HG. Thus
the electron current after the buncher can be picked up directly (eq [ A-HG.39]).

[5.1]

In the following it will be assumed that the wavelength in the two undulators is
the same: Xw

The energy change for an electron in an undulator with a laser field present is
given by eq [A-HG.20]

£ e OLm

The total energy change, adding over all electrons (phases) is given by:

271

[5.2]

A £ = A £ m a x — J p (<po) cos (p
0

2n
A £max £ | J H + 5 X COS (<p0 n )] COS(po d% [5.3]

0 n=l

This expression is different from 0, only for n = 1, which gives:
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^ " C O^V [5.4]

The gain for the OK is defined by:

G = — - = r—
c A

.3 J

where P is the power in the laser field:

P = E°ELAC. [5.6]

Some difficulties in operation of an OK can be seen directly from the gain eq.
[5.5]. The gain decreases with shorter wavelengths and higher electron energies.

5.2.2 The Free Electron Laser

The starting point for the mathematical treatment of the FEL is the equations of
motion.

d - e — - —
ät *n c

d e —
dt* mcv

In the undulator theory the energy change ( "77 ) was approximated to be 0, to

give an explicit value for the velocity (|3). This is not possible now as it is just
the energy change that is the interesting part.

Assuming that the change in electric field during one passage of the undulator is
small, the E-field and the B-field are both completely known, and with two
equations [5.7 & 5.8] everything should be sunshine. Unfortunately the equations
become too complicated, and not soluble. Some kind of approximation has to be
made.

Since E - y Eo cos ( k z - co t + <X>) the second equation of motion can be written:
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By using the readily available value of B [3.3], which only takes the undulator
fields into account while determining the motion of the electrons, and then
integrating over all electrons, the net energy change of the electron collective is
0. That means that no energy is transferred either to or from the laser field.

That kind of approximation is thus too inaccurate.

The velocity and position have to include a part that is dependent upon the
change of energy that the electron experiences.

Define fj = p\> + A p

and

T=TO + AT. [5.10]

It is possible to approximate:

P = po [5.11]

and

This gives when inserted in eq. [5.9]:

8W B e En
Y Tcos(Qr + 0-A<D) [5.12]
at I me

where 0 = ̂ ( 1 - - ^ - ) [5.13]
ffl

which is a term proportional to how far away from resonance the system is, and
A <J> is a small term in which the correction of z lies.

The next step is to make an expansion about A <X> and take the average over all
phases O. The first order term is the effect without taking A z into account, and is
averaged to 0.

The result is:

r-sinno [5.14]

eEB0K
where b = —=—T-TJ—z [5.15]
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The total energy change is found by integrating over the time it takes for the
electron bunch to pass through the undulator.

The total energy change is given by:

T-TftsinftT] [5.16]

The gain of the FEL is thus given by:

„ AP . e BoK 3 r 2 - 2 c o s f t x - T f t s i n f t T ,
(j=—— = I— — T [ — J [5.17

p foAm3c24K ftV

If ft is close to 0, on resonance, the gain becomes 0.

In reality the function becomes infinite at ft = 0 but that is not important, as there
is always a natural energy spread (which gives a spread in frequency) among the
electrons. Even if there is not initially any natural spread, it would be induced
immediately by the FEL.

The gain exists thus at frequencies which are slightly off-resonance.

The function has a maximum at ft T ~ 2.6

which gives

For an ordinary unduiator with L = 2 m and Xw - 0.1 m

to = coi * 0.979 ,

the distance from resonance is very small.

5.3 WHAT DOES THE DEVICE LOOK LIKE

I The basic concept of the OK and FEL is either an electron storage ring with one
'; or more undulators mounted on it or a linac/microtron with an undulator/OK

% directly connected.
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The OK consists of two undulators located on the same straight section of the
storage ring. Between the two undulators there is space for a short wiggler. The
reason for this is to increase the bunching capabilities of the device. Bunching by
only using the middle section of an undulator is not very strong and by
increasing the magnetic fields locally in a short wiggler a strongly increased
bunching can be achieved.

The FEL is in this context less complicated. It consists of one ordinary undulator.

To achieve laser action it is often necessary to use an optical cavity since the gain
in one pass is very low. Two mirrors are placed at each side of the undulator.
(see fig 5.5) The distance between these two mirrors has to be fairly large as the
transit time in the optical cavity has to match the revolution frequency of the
storage ring. As the storage ring often operates in single bunch mode, the optical
cavity length has to be roughly half the circumference of the storage ring. In a
single pass system, other criteria determine the length.

mirror output mirror

u

undulator

^electron beam

Fig 5.5 Layout of a FEL

The mirrors in the FEL are one of the main problems. The mirror placed in the
forward direction is target of rather high radiation, both synchrotron radiation
and bremstrahlung. The reflectivity is rapidly damaged by these processes. In
some FEL's the gain is low (below 1%) and this degradation can be critical for
the operation.

At the moment there are two operating storage ring FEL's, one on VEPP-3 in
Novosibirsk [ANA1, DR01, KUL2] and one on Super-ACO at Orsay [BIL1,
BIL2, C0U1, COU3, 0RT4], Both are using optical klystrons, instead of
undulators, to enhance the gain. At Novosibirsk the gain is very high (up to 10%)
and the group is now pursuing experiments aimed at decreasing the linewidth

[COU2], and has with an intracavity etalon reached -r- = 2.7-10~6 .
A.
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Single pass devices exist in a greater number at a couple of laboratories,
especially in the USA. The Free Electron Lasers operating in user facilities arc
so far single pass devices, of which the one in Santa Barbara, California (UCSB
FEL) should be mentioned.
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6. The undulator project

6. The undulator project

This section deals with the experimental part of the Undulator Project at
MAX-lab. As already stated in Chapter 1 several different phases of the project
exist some of which do not fall within the scope of this thesis. The reason for this
is that somebody else has done all the work (construction and design of the
undulator and monochromator) or the work is not done yet (complete
characterisation and construction and installation of the monochromator system).

The first part of the project treated the theoretical base of undulator and
undulator related techniques at MAX-lab. This was described in the previous
section.

This section will treat:

- The undulator
- Calculation of the characteristics of the undulator
- Installation of the undulator
- Partial characterisation of the undulator
- Harmonic generation

6.1. DESCRIPTION OF THE UNDULATOR SYSTEM

The undulator installed on the storage ring at MAX-lab was built and constructed
in Helsinki [ERI2]. It was ready in the spring of 1987 and shipped to Lund where
it was installed during the summer 1987. Since 1987 there have only been
sporadic activities involving the undulator. The main work has been some
characterisation of the undulator capabilities, and analysis and correction of the
system, A microscope beamline has been designed [TÖR1, NYH1] though, and
is near to installation. Since 1989 a project in Coherent Harmonic Generation has
used the undulator during two periods.

The goal when designing the undulator was to create a source which with an
electron energy of 550 MeV emits radiation between 25 and 120 nm.
Optimization of the parameters was made to give maximum flux at 120 nm. A
minimum gap of 20 mm was inferred by taking the smallest gap in the bending
magnets and scaling it by the betafunctions to the position of the undulator.
Mechanical errors in the magnets and the deviceea should be less than other
errors up to the 3rd harmonic of the undulator spectrum.
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6.1.1 Overall design

The total length available at the storage ring for the undulator was 2.4 meters,
which puts a definite restriction on the overall length of the undulator. The
choice for parameters was as follows (see table 6.1)

Table 6.1 Undulator parameters (design)

Overall length
Period
Number of periods
Max magnetic field
on axis
K-value
Gap

1.95 m
75 mm
26

0.35 T
0.15-2.47
20 - 80 mm

Other important aspects were the first and second integrals of the i magnetic field
through the undulator. These correspond to the electron velocity and position,
respectively. What was defined was that the integral of these fields after passing
the whole undulator should be 0. (Later it was found that this criterion was NOT
enough). To achieve a regular field and to correct for the integrals two different
correction methods were introduced in the undulator. The first one was intended
to be used mainly in the assembly phase, and the other during routine operation
of the device.

The first method consisted of studs inserted behind the magnetic blocks to deflect
some of the field from the beam axis, and thus correct the field downwards
slightly.

The other correction consisted of four coils mounted outside the last magnetic
blocks at each end. These should be powered externally, and take different values
at different gaps.

The final design can be seen in (fig 6.1).

The construction is built up around to large C-formed structures. Two I-beams
are mounted inside the two C's. The magnet blocks are in turn positioned on
these beams.
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WORM GEAR AND
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SOFT IRON
POLES

FIXED VACUUM
CHAMBER
OUTER DIM. 83x20 MM

Fig 6.1 The undulator

To change the magnetic field on the beam axis (change of K-value) the I-beams
are moved simultaneously by a stepping motor. The gap is continuously
measured and microswitches stop the stepping motor at maximum and minimum
gap-

6.1.2 Tolerances

In defining the tolerances, the effect of undulator errors was calculated using the
method described in chapter 3.3.1.

The design philosophy was that the linewidth of the third harmonic should be
limited by other factors than the undulator errors. By assuming that the largest
other factor for the third harmonic would be the natural linewidth, given by

AX, 1
kN 3-26

= 1.3 %

and using eq [3.15] the following tolerances were chosen:

= 0.2 %

g
= 0.4%
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AM
M = 0.3%

where Xw is the undulator period, g is the gap height and M is the magnetization
of the magnets.

The first two define the mechanical design constraints on the undulator. The third
one expresses the material constraints on the permanent magnets in the device.

6 .13 Magnets

The magnetic material was chosen to be a strontium-ferrite compound. The more
common material SmCo was not used mainly because it was not as cost effective
as ferrite. The desire for high field was not very large, which made this choice
possible.

The magnetic blocks were bought non magnetized. Each piece consist of three
thinner plates glued together, which to the eye they look rather irregular.

Magnetization was done in Helsinki by introducing the ferrite blocks into a large
Helmholtz coil. All blocks were magnetized as well as possible to a preset value.
But as increasing the magnetization uniformly is difficult, another method was
used to fine tune the magnets.

The magnet blocks were all measured and of the collection of blocks the ones
with the lowest magnetization were discarded. Among the rest the magnetization
of the weakest block was chosen to be the nominal magnetization. The other
blocks were then "kicked" in small steps down i magnetization, by applying a
counter field in the coils. This could be done with a higher precision than going
up in field.

The final distribution in strength was thus much more narrow ( ± 0.3 % ) than the
initial ( ± 1.0 % ) [ERI2]. As this complied with the defined tolerances no other
measures were taken.

Ferrite, however, has some negative qualities. As already mentioned the
maximum magnetization is not as high as for other materials, which was not of
interest in this case, as a higher magnetization was not desired. Further, the
stability of the magnetization is not the best. Sensitivity to both temperature
variations and shock exist. It is not known if this is of any consequence for this
undulator.
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6.2 MAX-LAB

The accelerator system at MAX-lab [ERIl, LINl] consists of two parts (see fig
6.2 ). In the basement a racetrack microtron is installed as a pre accelerator
[ERI3], From the microtron the electrons are injected into the storage ring, which
is placed on the ground floor inside a concrete shield.

MAX ACCELERATOR SYSTEM

Fig 6.2 MAX-lab (drawn by Peter Röjsel, MAX-lab).

6.2.1 The racetrack microtron

The Racetrack microtron consists of two large bending magnets and a 0.5 m ( 5
MeV ) linear accelerator (linac) (see fig 6.3 and tab 6.2 ). The name of the
device, racetrack, comes from the form of the electron orbits, that resemble horse
racetrack courses.

Table 6.2 Racetrack microtron

Energy
Pulse current
Pulse length
Energy spread
Emittance
Magnetic field
Rf frequency

10-100 MeV (in 5 MeV steps)
20 mA
1 \is
100keV
lOeVRadm
1.1T
3 GHz
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Bending magnet Bending magnat

I I Electron gun

Fig 6.3 The MAX-lab racetrack microtron

Several correcting elements are positioned inside the microtron. The electrons
are injected from an electron gun. The first pass is backwards through the linac,
then the electrons make a 180° turn and travel back through the linac to the
injection point. At this time they have gained an energy of 10 MeV and are
relativistic (travel very close to the speed of light). This is necessary as the
resonance criteria for the coming orbits demand that the velocity of the electrons
does not change when their energy increases. The electron energy is increased by
5 MeV in the subsequent cycles through the microtron . The extraction is done
by magnetizing one of the correcting magnets which makes the electrons pass
beside the linac and then out of from the microtron. This kick can be given at any
track, and thus the extraction energy can be chosen in steps of 5 MeV.

From the Racetrack the electrons are carried by a * 15 m long transport line up to
the storage ring.

6.2.2 The storage ring

The storage ring consists of a FODO-lattice with four equal parts [ERI1] (tab.
6.3). Eight bending magnets make up the ring and four long straight sections
exist in between. Out of these the injection and extraction, the Rf-cavity and the
kicker occupy two and a half straight sections. The undulator is installed in one,
and a short period undulator will be installed in the remaining half straight
section.
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Table 6.3 Storage ring parameters

Energy
Circumference
Bending radius
Rf-frequency
Injection energy
Current

Emittance
Straight section length

0-550AteV
32.4 m
1.2/,;
500 MHz
100 MeV
300 mA (max)

410"8 mRad
2.6 m

Injection is done sideways through a Lambertson septum [LIN1].

The storage ring is built to be used as a pulse stretcher as well [LIN1]. In this
mode the electron beam is injected at an energy which often is lower than 100
MeV, and then slowly moved towards a 3rd order resonance. It is extracted via
an electrostatic septum and the magnetic septum, and transported down to a
nuclear physics area in the basement.

Operation of the storage ring is done by two small computers (a PC and micro
computer) and is very simple. In routine operation users of the lab themselves
operate the machine.
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7. Program USPEC and BENDMAG

Before the construction of the undulator most calculations were made only for
the peak values of the interference peaks of the undulator radiation.

A program was developed in order to study more precisely the undulator
radiation spectrum and how it is influenced by the electron-beam parameters
(USPEC) [WER3]. Later, a similar program for bending magnet radiation was
also written (BENDMAo).

7.1 USPEC

USPEC is a program designed to calculate the spectrum of the radiation emitted
by an undulator. The spectrum can be presented in different forms (flux or
brilliance) and can include certain beam effects such as electron beam size and
divergence.

The fundamental basis of this kind of program does not contain any real
difficulties. Complete formulas [3.7] can be found in the literature [K0C1], and
are possible to apply directly. The difficulties lie mainly in rationalising the
calculations. The computation time can easily become long, as there exist infinite
sums over infinite sums of Bessel functions. Even the numerical expansion of the
Bessel functions [ABR1] are infinite sums.

The program is written for an IBM-PC XT with 640 kB memory using
Fortran-77. The code itself uses only 100 kB, but the program builds up a large
matrix, to increase computation speed, which uses close to the maximum
memory.

7.1.1 Brilliance

The brilliance calculation in the program follows the definitions made in chap.
3.3.3. It should be noted that the brilliance can not be introduced after the flux is
already calculated, but must be calculated in parallel through the program.
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7. Program USPEC and BENDMAG

7.1.2 Beamsize.

In the equation [3.7] it is assumed that only one electron exists. By multiplying
this equation by the number of electrons (N) the flux (or brilliance) from an ideal
beam of N electrons may be deduced. In reality, though, each electron follows a
little different path through the undulator, which will make each term in the sum
over the electrons a little bit different. A method to include this effect into the
undulator spectrum is implemented in USPEC.

It is assumed that the undulator parameters for an electron travelling along a
different path than the ideal one are the same. The spectrum emitted will be the
same, but the emission will take place in a little different angle and from a
slightly different place in the transverse directions. Differences along the
electron beam are not interesting as no interference exists between different
electrons (true only for ordinary undulator operation).

USPEC assumes the existence of a circular aperture and an electron passing with
a small angle, 0, to the ideal path, will not have its radiation cone centred on the
aperture. The aperture will "choose" another part of the spectrum. The aperture
for such an electron can be seen as shifted by an angle 9 from the forward
direction.

The direction, 8, of an ensemble of electrons has normal distribution with a
standard deviation ae. Taking a 95% confidence interval shows that 95% of the
electrons will have an angle less than 2 ae from the ideal path.

It is possible to add up a "total aperture" for all these electrons (see fig 7.1).

B

Fig 7.1 Construction of the aperture form. The direction of the electrons has
some kind of distribution (A) and the slit is rectangular (B). By combining these
two a slit with partial transparency at the edges is achieved (C). Simplifying this
for easy calculations give a triangular shape (D).

The result will be an aperture with edges 2 ae outside the edges of the initial
aperture. The region into 2 ae inside the initial aperture will be blurred with a
transmission ranging from 0 to 1.
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A displacement in the transverse direction can be included in a similar manner. A
total ce can be calculated as:

, [7.1]

where d is the distance from the source to the detection point and Gtrans the
transverse distribution. There is a S for both the vertical and the horizontal
direction. As these two are normally different the resulting aperture will not be
circular, but elliptical.

7.2 BENDMAG

BENDMAG is a less complicated program but with a similar basic structure as
USPEC. It can also calculate both the flux or the brilliance, but it cannot handle
beamsize, which in fact is not that important for a bending magnet with a fairly
large aperture. The formulas are once again based on [KRI1] (eq. [2.3]).
Solutions to the Bessel functions are taken from [ABR1].

The brilliance is defined by [ESRP]:

BriUUmce-g% [7.1]

where dS = K GX Gy is the source size. dQ = ̂ a l / with a being the opening
angle in the horizontal direction and 1 / is the total divergence in the vertical
direction.

This gives a total brilliance of:

n .i,. Flux , „ _ ,
Brilliance = —^ [7.2]

K GXGyOL Z '

The correct use of GX and Gy is difficult to judge. The formula demands half axis
in an ellipse, which implies a division by 2. On the other hand the diameter of the
beam can be defined as 2.35 o. Which gives: 2-35/z G = G.
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8. Calculations and results

As already mentioned the first calculations made on the undulator performance
were limited to the flux from the device in the forward direction without
inclusion of any beam effects. These results were the basis for the design and
construction of the undulator. Very little had also been done to get a picture of
the disturbance of the undulator on the storage ring.

In late 1985 the calculations presented below were initiated as the first part of my
work in the MAX-lab undulator project. In this context the programs USPEC and
BENDMAG were written.

8.1 SPECTRA

The working range of the undulator was so far assumed to be fairly short, by
including the first third and fifth harmonics. The higher order terms were
regarded as insignificant because of low photon brilliance due to increasing
linewidth. The spectra that resulted from the new calculations showed an even
more promising situation, (see tab. 8.1 and fig. 8.1 & 8.2).

SPECTRA FROM THE UNDULATOR
AND A BENDING MAGNET10"

15 g
q - ENERGY 5S0MeV

LAMBDA 7.5 cm
I 100.0 mA

10 . -

N 26
K 2.45
B 3.499 KGAUSS
THETAMAX 0.200 mRAD

SIGMA-X 0.500 mm
SIGMA-Xp 0.100 mRAD
SIGMA-Y 0.120 mm
SIGMA-Yp 0.040 mRAD
BEAMSIZE INCLUDED
MAGNET ERRORS INCLUDED

II J]

R 1.2 m

PSIMAX 2.0 mRAD

0 20 40 60 80 100 120 140 160 180
ENERGY -eV

Fig 8.1 The photon flux from the undulator and a bending magnet.
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Fig 8.2 Brilliance of the radiation from the undulator and a bending magnet.

Table 8.1 Values of the variable parameters of fig 8.1 & 8.2

Electron energy
Electron current
K-value
Ox
Gy

o/
0 /

Opening angle, undulator
Opening angle, bending mag

550 MeV
100 mA
2.45
0.5 mm
0.12 mm
O.lmRad
0.04 mRad
0.2 mRad
2.0 mRad

In fig 8.1 the flux (photons per second, ampere and 0.01 % bandwidth) emitted
by the undulator is drawn. Beam size and divergence are included in the
calculation. The magnetic errors are translated into an additional divergence and
thus partially included. Rg 8.1 also depicts the flux from a bending magnet in the
actual wavelength region.

Fig 8.2 shows the same case but the flux scale is replaced by the brilliance.

One interesting feature of these spectra are that the intensity does not decrease
very much in the higher harmonics. This was certainly a good result as it gave
hope for using higher harmonics than the fifth. In the figures one of the main
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features of the undulator radiation compared to the bending magnet radiation is
clearly exhibited, l ae difference in intensity between the two is much larger
when regarding the brilliance than the flux, since the undulator radiation is more
well defined in space.

The two figures also reveal a bit about the linewidth of the peaks. First, it should
be noted that the peaks are still separated up to the 14th harmonic and above. The
design constraints of the undulator, as given in chap. 6.1, dictate that the
undulator errors should not be larger than the natural linewidth up until the third
harmonic.

The theoretical linewidths are listed in table 8.2

Table 8.2 Linewidths

Harmonic
Natural
Beamsize/divergence
Undulator errors
Opening angle

1
0.04
0.003
0.009
0.011

5
0.008
0.003
0.009
0.011

10
0.004
0.003
0.009
0.011

It is questionable whether the linewidth due to beamsize/divergence and the
opening angle can be separated, especially if regarding the technique used by
USPEC to calculate the contributions.

One final note is that after installation it was discovered that the maximum
K-value for the undulator was 1.8 instead of 2.47. Ccntrol calculations gave
spectra with a simihr topography, except a shift towards higher energies and a
slightly faster drop in intensity at higher harmonics.

8.2 BEAM DISTURBANCE

Before attempting any calculations, criteria on what could be accepted from the
storage ring point of view were stated.

1) The betatron frequencies in both vertical and horizontal direction must remain
at their initial values.

2) The amplitudes of the betatron oscillations should stay at "reasonable" levels.
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3) The strength of the necessary correcting magnetic fields, should be "small",
say<±10%.

The reasons were quite simple. In order to avoid approaching resonances the
betatron frequencies could not change. The betatron amplitudes also determine
the beam size, which, of course, has to remain small. And finally, a dynamic
range for the corrections is needed to correct for errors from sources other than
the undulator.

The tool used for these analysis was the program TRANSPORT from CERN
[TRA1]. In this program the storage ring is described by special codes placed in
geographical order corresponding to each individual element. The undulator is
represented by an assembly of bending magnets with drift sections in between.
The true sinusoidal form of the field is approached by defining certain fringing
field effects.

The program can be instructed to make corrections in the storage ring. Different
criteria can be given for these corrections, on what to correct and to what
precision.

The program first calculates the new situation without any corrections. After that
it adjusts the quadnipoles of the storage ring to give the proper betatron
frequencies. The parameters extracted are the change in betatron frequency and
the strengths of the corrections, if a correction was necessary and possible.

The results [WER2] are summarized in tab 8.3. Corrections were applied to the
quadrupoles in six families. This case was chosen as a more flexible choice as
the symmetry of the storage ring was broken by the undulator. Normally the
quadrupoles at MAX-lab are only divided into three families, following the
fourfold symmetry of the storage ring.

The conclusions made from tab 8.3 are that no focussing takes place in the
horizontal plane. This was not expected due to the rather simple form assumed
for the undulator magnetic field.
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Table 8.3 Three simulations of beamstability. Betatron tone and quadrupole
strengths.

Casel

Electron
K-value

energy

Without Undulator
WithU,
WithU,

nocorr
corr

Corrections
Qa Qb
-0.14 0

550 MeV
2.45

Qc
-0.14

Tone
3.35
3.35
3.35

Qd
0

X

Qe
0

ToneY
1.350
1.358
1.350

Qf
-0.54%

Case 2

Electron energy
K-value

Without Undulator
With U, no corr
With U, corr

Corrections
Qa Qb
-3.4 0

100
2.0

Qc
0

MeV

Tone
3.35
3.35
3.35

Qd
+9.3

X

Qe
0

ToneY
1.350
Not stable
1.350

Qf
-11.1%

Case 3

Electron energy
K-value

Without Undulator
With U, no corr
With U, corr

100
1.5

MeV

ToneX
3.35
3.35
3.35

ToneY
1.350
i.45
3.35

Corrections
Qa Qb Qc Qd Qe Qf
-1.0 0 -1.6 0 0 -4.9%

\
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At full energy (case 1) the changes are small and the changes in quadrupole
strengths used to correct the effects are small. At lower energies (case 2 & 3),
here shown for the injection energy, the situation is different. With a K-value of
2.0 the electron beam is without tuning not even stable , and the necessary
tunings are too large (over 10 %). This is probably not acceptable. With a
K-value of 1.5 the situation has improved. A question is, if this rules out the
possibility to inject with a high K-value.

In the subsequent analysis graphs were made of the beta functions around the
machine (fig 8.3 a-d).
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Fig 8.3a Beta functions without undulator, one fourth of the ring.
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Y-BETATRON FUNCTION - CORRECTED

Fig 8.3b Beta functions at full energy and K = 2.45, with the undulator in the
middle

CORRECTED - BETA Y

mn.ilnil innniiniinnnii .munin.
.0 14.0 21.0

LENGTH

28.0 35.0

Fig 8.3c Beta functions at 100 MeV and K = 1.5, with the undulator ii. the
middle.
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Fig 8.3.d Beta functions at 100 MeV and K = 2.0, with the undulator in the
middle

As before, at full energy (fig 8.3b) the changes are small, and completely
acceptable. At lower energy (100 MeV) the situation is already rather nasty at a
K-value of 1.5 (fig 8.3c) with an increase in betatron amplitude of over 30 %.
With a K-valuc of 2.0 (fig 8.3 d) the situation is unacceptable. Due not only to
the betafunction beat, but in combination with the large quadrupole tunings
needed.

The model used in these Transport calculations does not take any beam steering
into account. The integrals (first and second) of the magnetic fields are both zero
by definition. (More abut this effect in chapter 9.)

The final conclusion is that at full energy everything should be OK, with the
reservation for stronger undulator errors which can influence the horizontal
betatron tone. At lower energies one has to be careful at large K-values. Trial and
error must show where the limit is, as it is lower than the sky.

A useful tool for deeper analysis would be tracking calculations of the individual
electron paths. The most useful results though need measurements of the
undulator magnetic fields at several positions and in horizontal and vertical
directions.
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8.3 ANGULAR DISTRIBUTION

By making a small change in the program USPEC the angular distribution could
be extracted (fig 8.4 & 8.5). They show a complex dependence of both the
harmonic number and the (p-angle on the intensity. The opening angle of the
radiation is difficult to define from these plots as the intensities oscillate (at cp-
=0 ) while the 8-angle increases. The expression [3.22] gives a smaller opening
angle for a higher harmonic, which is in contradiction to fig 8.4. The problem is
given by the fact that the wavelength of the radiation changes by increasing
opening angle and as such the H-factor [3.11] gives an additional profile to fig
8.4 & 8.5. To check this idea the intensity of one harmonic can be calculated
using different opening angles (fig 8.6). The total intensity increases with
increased opening angle, but the spectral intensity does only increase up to a
certain limit. From fig 8.6 this limit can be put to 0.5 mRad. Which is equal to
the natural beamsize of table 8.2.
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9. Installation of the undulator

The installation of the undulator at MAX-lab was done i august 1987 [WER4] by
staff from the Tehnical Research Institute (VTT) in Helsinki.

9.1 MECHANICAL INSTALLATION

The undulator was built and assembled for tests in Helsinki. The mechanics, the
stepping motor and the electronics had been tested. Some magnetic field
measurements had also been done. Before shipping to Lund the undulator was
dismantled into three pieces.

The storage ring had already been prepared to accommodate the undulator. The
largest modification had been to install a flat, rather thin vacuum chamber in the
straight section where the undulator would be installed. This chamber, though
greatly reducing the vertical aperture of the machine in the undulator section, did
not influence the admittance of the machine and thus no influence of any kind on
the machine operation could be detected.

During the installation some additional measurements were made, mainly as a
confirmation check. The magnetic fields in the undulator were found to be
approximately 2 % lower than measured previously in Helsinki. A possible
explanation can be that the MAX cave is rather warm, around 10° C warmer than
the laboratory at VTT. The overall field map was not possible to investigate, but
some points were measured, which supported the results previously achieved at
VTT, except for the total 2 % decrease.

Another point was that the vacuum chamber, designed to give an inner vertical
aperture of below 20 mm, built of 1 mm steel, had a total outer dimension which
was somewhat greater. This reduced the minimum gap for the undulator from
21.5 mm to 24.5 mm. This reduction caused the maximum K-value of the
undulator to decrease to 1.8.

Otherwise, the installation was straightforward, with no surprises. Even the first
run was easy. Almost immediately light was detected at the output window
which was located very close to the storage ring, inside the cave. A mirror
deflected the light onto a diffusing screen, onto which a colour TV-camera was
focussed(seefig9.1).
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_ COLOUR TV CAMERA
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U
WINDOW

UNDULATOR

Fig 9.1 Side view of the first set up

9.2 INFLUENCES ON STORAGE RING OPERATION

The first measurements made, checked the changes in the focusing properties of
the storage ring. The betatron tune shifts were measured at different undulator
gaps and at different energies. These values were compared with theoretical ones
(chap 7).

The theoretical values were calculated at slightly different conditions than those
during the measurement. It would not have been enlightening to recalculate the
values for the precise experimental conditions after the measurements were
made, as the aim was not to prove theory, but to compare the real world with the
predictions.

The theoretical values with initial conditions most close to our measurements can
be found in table 9.1.

Table 9.1. Changes in Betatron tune (Q-value) due to the undulator
(theoretical).

Energy (MeV)
K-value
dQx
dQy

100
2.0
0%
unstable

100
1.5
0%
+7.5%

The betatron tunes (Q-values) were measured by a spectrum analyzer. The result
is shown in fig. 9.2 and table 9.2.
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Fig. 9.2 Betatron tune changes

Table 9.2. Change in Q-value due to the undulator. Measured values.

Energy (MeV)

QxO
Qxl
dQx

QyO
Qyl
dQy

163 171 230

3.25
3.29
+1.2%

1.32
1.36
+3.0%

3.18
3.22
+1.3%

1.38
1.42
+2.9%

3.18
3.20
+0.6%

1.37
1.39
+1.5%

An extrapolation can be made to make a little better use of the theoretical values.

K2

By assuming that the shift in y-direction dQy is proportional to —r the
T

theoretical value at an energy of 171 MeV becomes: dQy = + 3.6 % and at 230
MeV dQy = + 2.0 %. The measured values are thus a little smaller than the
theory predicts.

Some ideas for explanation of this view are:

- The method used to include fringing fields in TRANSPORT [TRAl ], assuming
perfectly sinusoidal fields, exaggerates the effect of the fringing fields.
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- If the electron beam does not pass exactly along the undulator axis the
undulator will focus more tightly. There can also exist errors in the horizontal
magnetic fields. Measuring devices to check such a field component have not
been available.

- There was a slight difference in the the ..tical and realistic operation point
(initial Q-values).

An analysis of the Super-ACO v.iK.uiators [BRU1] gives a similar relations
between theory and measurement rhough they see a reduced betafunction beat
due to the symmetrically plar - andulators.

9.3 CORRECTIONS TO THE BETATRON OSCILLATIONS

The goal was to operate the storage ring at the same operation point (betatron
tunes) both with and without undulator. The betatron tunes were corrected by
changing the currents through the quadrupole magnets.

The prof am TRANSPORT had given an approximation of these changes, thus
giving a hint whether or not the changes were feasible (see Chap 8.2).

A remark is necessary here. The electron energy chosen for those calculations
had been the "worst case", 100 MeV, as the storage ring is more sensitive the
lower the energy. At full energy the changes would be much less, and a K-value
of 2.0 would not at all mean an instable machine without applying any
corrections.

The measurements of quadrupole changes are given in (table 9.3). The
corrections applied were given to the quadrupoles in three families. In the
theoretical calculations the quadrupoles where divided into six families, but this
should not make any large difference.

Table 9.3. Measured values of changes in quadrupole strengths (currents
through the magnets) (The three families of quadrupoles are named 1,2 and
3).

Energy (MeV)
K-value

A/öl
A/g2
AIrn

171
1.78
0%
-2.5%
-4.1%
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Extrapolating the theoretical values by

MQ a K2/y [9.1]

gives a theoretical change of -4.0 % at 171 MeV and K=1.78. The agreement
with the measured values is very good.

9.4 LIFETIME MEASUREMENTS

Only a couple of lifetime measurements have been made. As most measurements
have indicated that no measurable change in lifetime exists, not much effort has
been put into this. One large obstacle for lifetime measurements is that to make
comparable measurements the same beam position has to be used both with and
without the undulator. No beam position system existed at MAX-lab at the time
for these measurements. Right now the implementation of such a system is about
to be finished [RÖJ1].

9.5 BEAMPOSITION

It is clear from the measurements that the undulator causes a change in beam
position. Attempts to control this with the correcting coils built into the edges of
the undulator have failed. The effect of the coils has been impossible to analyze
without a beam position system.

9.6 MAGNETIC FIELD

Already in the first runs of the undulator system asymmetries could be seen in
the light emerging from the undulator. The circular rainbow, that is the results of
running the device in the visible using a low electron energy, was not one but
TWO circular patterns. The two patterns were displaced diagonally with respect
to one another. The displacement between the two was approximately 1 mRad at
150 MeV.
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Fig 9.3 The magnetic field along the undulator, and the first and second integral
thereof.
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A couple of ideas were tested:

- Running both with and without dispersion in the undulator.

- Checking reflections in the vacuum chamber.

- Parallel translations and angle changes of the electron beam.

None of these could influence the relative position of the two circles. In a
discussion with Dr Renieri [REN 1] a valuable hint to the solution of the problem
was offered. By checking the integrals of the magnetic fields (fig 9.3) the reason
could be found. The magnetic field seems very regular, and the first integral does
not posses any regular error. The second integral, though, which is proportional
to the horizontal position of the electrons in the undulator, shows a bend in the
middle. Note that the final value is close to zero, which earlier was the criterion
for a good magnetic field.

By fitting two lines before and after the bend, and calculating the angle between
these two if they were electron paths, it was found that it was in very close
agreement with the observed 1 mRad at 150 MeV.

By retuning the magnetic field, partially with the help of the tuning studs in the
backframe of the undulator, the bend could be straightened out, and the two
rainbows moved closer and only an error in the vertical direction remained. This
error was much smaller and still remains. A vertical error shows that there are
still horizontal components of the magnetic field. No measurements had been
made of the horizontal field component, thus a similar correction technique is not
possible. The remaining error though, should be negligible at high electron
energies.

9.7 BANDWIDTH

At installation it was desirable to measure the width of the radiation peaks. An
estimation was done by using a narrow band multilayer filter (555.9-565.9 nm, in
the green). By tuning the undulator a thin green circle could be achieved on a
screen behind the filter (see fig 9.4). By measuring the width of the circle (the
angle 0 ) it was possible to calculate the bandwidth.

Measurements gave a 8 of 0.229 mRad. Without any broadening it should have
been 0.084 mRad. This means that the edge was "blurred" 0.144 mRad. This in
turn translates into a linewidth of 3.2 %.

The theoretical width at an electron energy of 211 MeV and a K-value of 1.5 for
the first harmonic is 3.9 % (tab. 9.4).
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Fig 9.4 Linewidth measurement using a multilayer filter.

Table 9.4 Theoretical linewidth of the 1st harmonic at 211 MeV and K = 1.5.

Natural broadening
Undulator errors
Energy spread
Radiation
Total

3.8%
0.9%
0%
0.3%
3.9%

The approximations made in the use of this method makes it impossible to make
a precise comparison between the values. The interpretation was thus limited to
concluding that the values were within the same order of magnitude.
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10. Basic characterization

An experiment to analyze the undulator radiation was set up in the autumn of
1988. In this measurement photoelectron spectra were recorded using
unmonochromatized light from the undulator. Two aspects were of interest in
these measurements: The linewidth of the radiation peaks and the amount of
harmonics in the light. Theoretical calculations (see chap. 8.) had shown that
very high harmonics would be resolvable.

10.1 THE EXPERIMENT

The experiment [NYH1] was done by using a double-pass cylindrical mirror
electron energy analyzer (CMA), which detected photoelectrons from a GaAs
crystal. The crystal was hit by the direct undulator radiation with no optical
elements in between (see fig 10.1).

CM

/N

Undulator

GaAs
Fig 10.1 Photo elections from a Ga As crystal, set up.

The spectrum recorded by the CMA mainly contains the Ga 3d and As 3d core
levels. Each of these levels were excited by all the harmonics of the undulator
(see fig 10.2).
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Fig 10.2 Spectrum of photoelectrons

The measurements were performed at minimum gap for the undulator (K = 1.8 )
and at an electron energy of 500 MeV. The first harmonic of the undulator has an
energy of 12.1 eV (103 nm) for the given parameters. Such a photon energy is
too low to excite the actual core levels. Thus only the 4 th harmonic and higher
could be detected. The distance between two peaks from Ga 3d or As 3d is the
energy (wavelength) of the first harmonic. This energy was measured to 12.5
eV. The agreement is very good, taking into account the limited accuracy in
determining the undulator K-value.

In the spectrum the harmonics can be followed from the 4th harmonic up to the
19 th (see fig 10.3).
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Fig 10.3 Another part of the spectrum
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The result is remarkable and proves that even at the 19th harmonic the
interference pattern is not blurred.

The method does almost not give any structure in the peaks as the width of the
3d levels approaches the same order of magnitude as the undulator radiation
peaks. In fig 10.4 the Ga 3d level excited by the 6th harmonic (75 eV) and the As
3d level excited by the 8th (100 eV) harmonic are blown up to measure the
bandwidth

38.0 39.0 40.0 41.0 42.0 43.0 44.0 45.0 46.0 47.0 48.0

Kinetic energy - eV

Fig 10.4 Close up of two peaks in the spectrum.

The full width half maximums are 1.4 eV and 1.7 eV respectively. By
subtracting the additional width given by the 3d levels [NYH1] the real
bandwidth are achieved: 1.6 % and 1.3 % respectively.

The calculated bandwidths for the given parameters is dominated by the
acceptance angle fo the GaAs crystal. This angle is relatively large and not well
known.

The photon flux was not possible to determine by this method due to lack of
knowledge of certain parameters (such as photoionization cross-section, electron
escape depth, analyzer transmission and alignment to the undulator axis). An
estimate of the relative fluxes could be done, and shows that the flux drops
roughly one ordei or magnitude from the 4th (50 eV, 25 nm) to the 10 th (125
eV, 10 nm) harmonic.
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These measurements show that the undulator does have a very high harmonic
content. The drop in intensity for the higher harmonics, and the bandwidths are
acceptable. After monochromatization useful photon fluxes should be provided
up to the 10-12 th harmonic (125 - 150 eV, 10 - 8.3 run)
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11. Experiment in Harmonic Generation

This chapter describes the project in Harmonic Generation at MAX-lab. Two
series of experiments are described: the "New Year" series which was performed
during new year 1988-89 and the "September-October" series in September -
October 1989.

The second effort produced coherent photons in the third harmonic (355 nm) of a
Nd:YAG laser (1.06 um) [WER1].

11.1 INTRODUCTION

Discussions of Free Electron Lasers have been conducted over the past few years
at MAX, and are still a hot topic. The interest, though, has turned more and more
towards using an electron beam directly from the racetrack microtron avoiding
the use of the storage ring. During the autumn of 1988 some of the interest was
diverted towards harmonic generation Mainly because it was found that this
would be an easier way to achieve some of the things that were only thought to
be within the scope of FELs.

The Department of Physics at Lund University has an immediate interest in new
coherent light sources, and was willing to cooperate. With a very short
preparation time an opportunity arose over New Year 88-89 to start doing an
experiment to gain some experience. A basic set up was constructed using the
equipment that was readily available. This first experiment did not present any
absolute results, but was very valuable for the second stage of the experiment.

After the first series an evaluation took place. Hard work was also done to gain
better theoretical knowledge of the technique. Visits were made to both
Brookhaven National Laboratories and Orsay to study their experiences and to
discuss with fellow researchers. During September-October 1989 a second
experiment was performed. This time coherent photons were produced, and
some parameters were measured pertaining to this phenomenon.

11.2 THE "NEW YEAR" SERIES

During New Year 1988-89 we had the possibility for a first series of
experiments. The time frame was very narrow, both for preparation and for the

105



IL Experiment in Harmonic Generation

experiment itself. The possibility arose since the storage ring had been repaired
over Christmas and a couple of weeks of recovery time were needed before
ordinary users could come on. A little less than one week of this time was
available. The conditions were far from ideal with a storage ring which had been
opened one week before, and then just quickly baked and pumped out.

The goal of the series was mainly educational together with hope for any kind of
results. Out of this the educational part was fully achieved, while the results were
meagre.

11.2.1 Set up of the experiment

The set-up of the experiment is described in fig. 11.1.

< WO mJ/pul» 4 m

Fig 11.1 Layout of the New Year serie?

At MAX-laboratory the accelerator is placed in a concrete cave on the floor of a
large experimental hall. To minimize installation work the laser was placed on
the roof of this radiation shield and directed by two prisms into the cave and the
accelerator. The second prism was used to steer the laser beam. As the storage
ring was operated at very low currents, it was possible to work inside the
radiation shield during the experiment. At the input window an inverted
telescope was placed to focus the laser beam into the undulator. The window
itself was situated roughly 3 m from the undulator centre.
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A 0.5 m Bausch and Lomb monochromator was placed at the output window. A
photo multiplier was connected to an oscilloscope which was triggered by the
laser. The background of the undulator radiation was reduced by the
monochromator. The oscilloscope provided the time resolution which would
make it possible to distinguish the coherent photons.

11.22 The storage ring

The storage ring was operated with the usual optics of the machine. This implies
that some dispersion was present in the straight sections, and thus in the
undulator.

The operation parameters are given in tab. 11.1.

r
Table 11.1 Operation parameters of the storage ring
Electron energy 145 MeV
Beam current
No of bunches
Lifetime
Ox

Oy

<10mA
54
10-15 min
1.7 mm (calculated)
0.22 mm (calculated)

Further, the ring was operated in multibunch mode. This was the easiest way
during the poor ring conditions at the time. Another reason was that an amplifier
for the single-bunch kicking-out process was broken.

11.23 The undulator

The operation of the undulator (chap 6.1, [ERI2] and [WER4]) was tuned after
the available laser source, a Nd:YAG at 1.06 \im. The operation point came just
at the edge of the range for the undulator (tab. 11.2) and the situation was exactly
the same in both series.
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Table 11.2 Undulator parameters

Undulator K-value
Wavelength (1st harmonic)
Bo
A.w
Nu

1.6
1.06 um
0.21 T
0.075 m
26

11.2.4 The laser system

The same laser was used in the two series, a standard Nd:YAG laser (Quanta
Ray DCR-1). The operation parameters are found in tab 11.3. In the first series
problems with the flashlamps in the amplifier limited the power to 10 MW
(peak).

At New Year the laser was running at 10 Hz, which was lowered to 6 Hz in
September.

Table 11.3 Laser parameters

Power 10 MW
Energy 100 mJ/pulse
Pulse length 10 ns
Repetition rate 2 -10 Hz (10 Hz in first experiment)

A special problem was to focus the laser onto the electron beam in the undulator.
The entrance window was situated at a distance roughly 3 m. from the undulator.
A focus in the undulator with a length of 1-2 m. was desired but with the large
distance between the entrance window and the undulator this would have meant
a very small beam at the entrance window. It was necessary to avoid this high
density since in a test set up the laser had been able to break a spare window
when the beam was focussed down to 1.5 mm diameter in the window.

A more conservative construction was chosen in which a telescope focussed the
beam into the middle of the undulator resulting in a large beam at the entrance
window. On the other hand, this meant that on the output side the laser beam was
larger than the exit window, making alignment difficult.
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11.2.5 The experiment

The system was built up as shown in Fig 11.1. The laser was placed on the roof
of the radiation shield and directed into the storage ring by two prisms. Fine
tuning of the laser-beam position was done by the second prism which was
located, in the cave. Focusing of the laser beam was made using the inverted
telescope placed immediately in front of the entrance window. The focus could
thus be moved, and was placed at the beginning of the undulator. Account was
not taken for the eventual change in divergence of the laser at different power
levels, which proved to be important in the September-October series. The
telescope also became (not on purpose) an aperture, somewhat reducing the
beam power.

The storage ring was run in multi bunch mode, thus avoiding the need to
synchronize the laser to the electron bunches, as the laser would always hit 3
bunches. It was planned to use single bunch later but an amplifier for the single
bunch kicker was broken, eliminating this possibility. A simple trigger unit had
been built to synchronize the laser to the electron single bunch. No judgement
was made wether or not to run with dispersion in the undulator. Some dispersion
is present in the normal optics of the machine.

Alignment was made by a HeNe laser directed backwards through the system.
The undulator gap and electron beam energy were fine tuned by checking the
wavelength of the emitted synchrotron light with a spectrometer at 532 nm. (2nd
harmonic).

Measurement of the influence on the electron beam was planned in two ways.
First a camera looking into one of the bending magnets focused on the electron
beam. Due to the dispersion already present in the magnets, a change in energy
distribution will cause a growth in transverse beam size. The second method
used an oscilloscope on which the population in each bunch could be seen, but
there was no structure in the signals. In this picture it was possibile to see if we
lost current in just a couple of bunches, as a result of a too large energy spread
induced into just a few bunches.

Both methods proved to be failures!

We did indeed get signals and changes in both monitoring systems. The origin of
the signal was washing of the vacuum chamber walls by the laser. The desorbed
atoms/ions changed the focusing in the electron beam (a tune shift). This tune
shift was probably enough to move the beam onto a resonance. In this case the
beam started loosing electrons. When the number of electrons decreased fewer
ions were attracted by the potential well of the electron bunch, and the effect
stopped.
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If the Q-shift was not enough to reach a resonance, another effect could be seen.
The ions attracted to the beam increased the coupling in the beam. This in tum
increased the vertical beamsize, which was exactly what was seen on the
TV-monitors.

Towards the end an attempt was made to detect some extra photons via the
spectrometer. Needless to say, this failed.

113 RESULT AND ANALYSIS OF THE NEW YEAR SERIES

Concrete results from the New Year series were very poor. This does not mean
that it was useless. Very much experience was gained during this period. The
most important results of this trial were that a couple of problem points were
exhibited. The following discussion is similar to the one that took place directly
after the New Year series. Later other conclusions were made, sometimes with
the same result, but based on other ideas.

11.3.1 Accelerator system

The storage ring should be run at low currents. This would give a smaller natural
energy spread, increasing the possiblity of detecting an induced energy spread.
Further the storage ring should operate in single-bunch mode to improve the
signal-to-noise ratio, and to allow detectors to time resolve the output signals.

11.3.2 Detectors in the accelerator system

A better way to measure the induced energy spread was needed. Either a better
camera system looking at the electron beam, or a technique utilizing a spectrum
analyzer on a high harmonic of the revolution frequency [R0B1] [ORT2]. As a
larger energy spread is induced in the electron bunch, the bunch gets longer. A
longer bunch will induce a smaller number of harmonics of the revolution
frequency (compare a system where a delta pulse contains all frequencies while a
finite pulse reduces the amount). In the recorded frequency spectrum the higher
harmonics will thus reduce their amplitude.
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11.3.3 The laser

The laser seemed OK, except that the amplifier was not working at the time. A
natural "improvement".

11.3.4 Detectors for the optical signal

The detector did not possess a time resolution which permitted the resolution of
the radiation from each individual bunch (single bunch). (A bunch passes every
108 ns, and lasts IOC ps). This could be solved by either a faster oscilloscope or a
transient digitizer.

Further an improved spectral resolution by the help of a better monochromator
system to improve the ratio coherent/incoherent photons was needed. Ideally the
resolution should be better than 0.01 nm.

An improved control of the opening angle also seemed necessary to improve the
coherent/incoherent ratio.

11.3.5 Alignment

The need for a better method to align the system was uefined. No ideas for a
solution were presented at this stage. A very good method using autocorrelation
was demonstrated by the ORSAY group later on.

Also better precision in moving either the laser beam, or the electron beam was
needed. No judgement was made at this point as to which method was
preferable.

11.4 THEORETICAL CALCULATIONS

During the spring 1989 a more solid base in the theory was built (chap. 3-5).
This gave the tools for more accurately calculated theoretical values of the
number of photons, the linewidth, the energy change, etc. At the same time the
lack of knowledge of a couple of important parameters was established. This
lack of knowledge ranged from the laser power in the undulator and focus to the
electron beam position.

The results of the calculations listed below were generated using parameters
appropriate to the conditions of the September-October run.
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11.4.1 Basic parameters

When calculating the output i i Coherent Harmonic Generation the formula [4.6]
is used. One complicating principle is that when choosing the length of the
different sections, the modulator, the buncher and the radiator, as an undulator
was used where the effects are not completely separated. The approximation
used here is that the 2 m. long undulator is divided into 1 m. of modulator, 1 m.
of buncher and 1 m. of radiator. This also defines the number of periods in each
section as 12. The correctness of this assumption has not been checked. The way
of doing it would be by tracking calculations, following the evolution of the
electron beam.

The electron current in single-bunch operation was assumed to be 2 mA per

bunch, which translates to 1.35 • 10 electrons per bunch.

Table 11.4 Basic parameters

Electron energy
Bunch current

No of electrons

Energy spread

Angular spread
Medium laserpower
Peak laser power
Focus radius

Laser wavelength
Output light wavelength

Revolution frequency
K-value
Bo
Lm — Lb — Lr
Ox

Cy

145M?.V(Y=283)
2 mA

1.35 - 109

<y<p=110~4

<Pp> = 21 MW
Pl=63MW
r = 0.5 mm

1.06\im (©=1.78-1015)
Xy = 353 nm

9.26-106 Hz
1.6
0.2 T
l m
1.4 mm (in undulator)
0.25 mm (in undulator)

When calculating the photon flux it is important to use the correct linewidths and
solid angles. These factors can be restricted either by the natural behaviour of the
radiation or by a monochromator system and slits.
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In the actual case the situation was the following:
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The incoherent radiation is completely restricted by the monochoromator system,
while the coherent radiation is limited by its own natural properties.

11.4.2 The laser pulse

A Nd:YAG laser of the type used does not put out a flat pulse. The time structure
of the pulse is a random structure of peaks. The total pulse is 10 ns. long, but
consists of peaks with a width of roughly 30 ps. (see fig. 11.2). Between two
peaks is a distance of approximately 100 ps., but this interval varies randomly.

Fig 11.2 The amplitude of the laser pulse, within the pulse, as a function of time

The peak power can thus be set to 3 times the average power. Since the distance
between two peaks is longer than the electron bunch length, the probability of
hitting an electron bunch is less than 1. With a bunchlength of 70 ps, the
probability of hitting is 7/10. When the bunch is hit, only 30/70 of the electrons

7 3
in the bunch are hit. This means that on the average only — — = 0.3 of the

electrons are hit, but with 3 times the power.

The laser peak power was 21 MW inside the undulator in September-October,
thus giving an effective peak power of 63 MW.

11.4.3 The incoherent intensity

The first step in calculating the intensity in Harmonic Generation (coherent
photons) is to calculate the emission of photons in an ordinary undulator. This is
then translated into coherent photons by the improvement factor [4.7],
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Since the incoherent photons are only interesting in the forward direction, it is
enough to calculate the number of incoherent photons in the forward direction.
This simplifies the calculations quite a bit.

The intensity from one electron is given by [3.10]. Thus for all electrons (Ne):

a2!

where

Fk(K) = -
k2 K2 K2k

4+ 2 K2 2Å-2
[11.2]

k odd

The function F for a K of 1.6 is

F3( 1.6) = 0.402,

F5( 1.6) = 0.305,

where the Bessel functions are given in tables (such as [ABR1]).

The number of electrons in a bunch is

which gives

Ne=
2 1 °

a

= 1.35109

9.26- We

The number of electrons hit by the laser thus becomes:

[11.3]

Using tab 11.1 the emitted incoherent intensity becomes:

.2,
^ ^ incoh = 1.67-10~29 Ne = 2.25-10"20 .

The emitted energy is [A-U.93]

[ 11.4]
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3..
Wc= , 'dadil.c d&dCl

In the photon-counting experiment (see below) no monochromator was used,
simply a diaphragm with a 6 mm. diameter. This implies that the linewidth was
that of the incoherent light itself, while the solid angle was limited by the
diaphragm.

This gives for the third harmonic

Wc=4.2810"1 3/ ,

where the energy of one photon is W355 = 5.6-10 J,

and the number of incoherent photons is

[11.5]

When the monochromator was used, the linewidth was also restricted by the
monochromator, giving

Nincoh, 355, monoch ~ 2 - 5 2 ' *" •

For the fifth harmonic, counting photons in a similar manner give

KT. . - - — i s in^
incoh 212""" ̂ **̂  *"

and when using the monochromator:

Nincoh, 212, monoch = 3.2-10 .

11.4.4 The coherent intensity

The emitted intensity is given by eq [4.11 ]

al , - c %, K2 d I i

and the radiated energy:

The elements involved are given by
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[A-HG.39]: ak = 2Jk(kr\),

[A-HG.32]: r\= » ""*

[A-HG.26]: a = -

[A-HG.20]:AEmax = -
e Xw Ba Ei Lm

2Pi
and £; = "'

where A is the laser beam area in the undulator.

Using the values from tab 11.4 give:

£z=2.46108v/m,

A£max = 9.7610"14 J ~ 0.61 MeV,

A£,
'max = 4.210~3, [11.6]

= -2.85-10~5,

/ 3 ( 2.13) = 0.151 -> a3 = 0.302,

J5 (3.55) = 8.52-10"2 -> a5 = 0.1704.

Using eq [A-HG.56] and [A-HG.62] and assuming that o ^ M O " 4 and

<V£=2-10~3gives

= 0.99 [11.7]

= 0.97

= 0.60 [11.8]

= 0-24

The number of electrons for the harmonic generation is given by (see chap
11.5.2).
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1.35109=4.O5108

This results in the intensity:

[11.9]

The solid angle and linewidth are restricted by the natural values in both the 3rd
and 5th harmonic. Another important point is that the radiated intensity does not
come from the whole undulator (all 26 periods) but just from 1 meter (12
periods), which must be compensated for.
The power is given by eq. [4.18]

Wcoh<k=3 = 1.311019 122 d2! = 4.66-10~n/, [11.10]

.19 122 d1! _ , ? i n - l 3 r

lfad(odnonee~

Which gives:

= 3.3O1O4,

[11.11]

[11.12]

A summary of the relevant results are given in table 11.5

Table 11.5 Number of photons emitted, theoretical values.

Nicoh,355

Nicoh,2\l

Ncoh,355

Ncoh,2\2

R3
R5

Mmax

No monochromator
with diaphragm

7.7105

3.5-105

With monochromator
and diaphragm

2.5103

3.2103

8.32-107

6.6 105

3.3104

208

4.2-10"3
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11.5 INFLUENCES FROM BROOKHAVEN AND ORSAY

During the intermission between the New Year series and the
September-October series visits were made to two other laboratories working
with Coherent Harmonic Generation: NSLS at Brookhaven, (NY), USA and
LURE at Orsay, Paris, France.

At NSLS a short visit was made to meet with Anne-Marie Fauchet (a hectic day
before her emigration to LEP, Geneve) who was one of the main persons behind
their program in Harmonic Generation.

They had a complete set up using a 22 period undulator on a storage ring. In May
1989 they had operated roughly 9 months and achieved routinely an increased
energy spread in the electron beam. They had also observed coherent photons
twice, but with a low intensity (1-2 times the background intensity). Their
problem was traced to a lack of dispersion, and Anne-Marie talked about the
necessity of an Optical Klystron. She also presented the scheme of doing the fine
tuning in alignment by moving the el ;ctron beam. They were content with it, but
we later discarded the method as impractical. Even if the movement of the
electron beam can be done with high precision, it would change the position of
the exiting light, posing problems with the alignment of the monochromator
system.

At LURE [GIR1] [PRA2] [PRA3J [PRA5] [0RT3] an excellent possibility was
given by J.M. Ortega, R. Prazeres and M.E. Couprie to participate in one night
run on their set-up in September 1989.

The LURE project is that with the most experience in Coherent Harmonic
Generation. Coherent photons were already detected in 1984 on the ACO storage
ring in the third harmonic of a Nd:YAG laser ( 1.06 \un, 3rd 352 nm ). Later
they had also measured radiation in the fifth harmonic of a doubled Nd:YAG (
532 nm, 5th 106 nm ). In the current situation the experiment had moved to the
new storage ring Super-ACO. At the time, no photons had been detected on the
new set-up, but bunch lengthening was routinely present.

The visit provided advice on several technical aspects, and also provided the first
experience on a working set-up. Their long experience was a source of important
information which later proved critical for the success of the September-October
run, especially in alignment and detection of bunch lengthening.

Since then coherent photons have also been detected at Super-ACO [PRA4].
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11.6 SEPTEMBER-OCOTBER SERIES

The experiment was planned in two stages. During one week in September the
accelerator was to be run and tested in order to operate well under the desired
conditions. During a second week in October the main effort toward the peak
would be made. In the period in between necessary corrections and installations
would be made. As a security measure it was planned that if the first week
proved a disaster, then the complicated equipment (laser, monochromator etc.)
would not be moved into the laboratory in vain.

11.6.1 Hardware changes from the New Year series

The major change in hardware lay on the detection side. A better monochromator
and a transient digitizer was used (fig 11.3). Further the fine tuning of the laser
beam position was moved to the prism on the roof (the first prism) and better
precision in the movements were used. The telescope from New Year was
discarded in favour of a simple lens. The lack of flexibility was expectcded to be
compensated for by lower power losses.

..LULL

Fig 11.3 Set up in September-October
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11.6.2 Phase 1, September

The main goal of the week was to adjust a dispersion-free lattice ftinction for the
storage ring to operate well at the rather low energy of 145 MeV. The
dispersion-free situation minimized the electron beam size in the undulator. At
the same time it was necessary to find a good beam position in the undulator
straight section so that the radiation would pass through the undulator beamline,
both in the forward direction and extrapolated backwards.

The initial alignment was done with the help of an interference filter (560 nm +-
50). By running the undulator in the visible a thin ring could be seen at the output
window after the filter. This ring could easily be centred on the output window
by moving the electron beam.

A beam position monitoring (BPM) system was tested. Up until this time no real
BPM system had existed at the MAX storage ring, but a new system had been
recently implemented [RÖJ1]. The system changes the strength in the
quadrupoles, and by an optical read out of the synchrotron light in a bending
magnet, the position relative to the centre of the quadrupole in which the field
was changed can be calculated. The method proved unreliable during our
operating conditions. The problem was twofold. First the electron current in
single bunch operation was too low to give reliable signals. Second the energy
was too low. The change in quadrupole strength easily killed the electron beam.
The conclusion was, as before, that we had to manage without a BPM system.

While running the undulator, the first problems with instabilities were seen. The
change in focussing by the undulator while changing the gap was rather large at
the low energy used (145 MeV). One probable interpretation is that this was
caused by the beam coming very close to or even hitting a vertical resonance. A
few months later, when more time was available for the analysis, the
phenomenon was difficult to reproduce.

The operation point was tuned away from the resonance, but the new operation
point still proved to be a little bit troublesome. It was difficult to reach, and there
were several other resonances close by.

The undulator itself was operated after a ten month shut down, but no significant
changes could be seen on that system.

The beamsize was measured continuously. This was done using a system which
focussed the synchrotron radiation from one of the bending magnet ports onto a
CCD array. This "picture" was treated by a computer code presenting the result
both as a "realtime picture" of the beam, with intensities as colours and with
fitted gaussian distributions.
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The results were rather similar during most runs;

o x = 1.4 mm,

Gy = 0.25 mm .

This monitor system also displayed the effects of instabilities. It was clearly seen
when a vertical or horizontal instability was passed or approached, because the
beam size grew and beatings were evident along those directions.

The injection efficiency was first rather low, but later good. In single-bunch
operation up to 9 mA could be injected out of which over 7 mA in the single
bunch.

Later during the experiment period the same high currents could not be reached.
A maximum of around 3 m A in the single bunch could be kept stable.

The lifetime was poor at all times, and very much dependent upon the current.
The maximum time that we could run the experiment before doing a new
injection was 1/2 to 1 hour.

11.63 Phase 2, October

The second phase was the main part of the experiment. The laser system was
installed together with the optical components and the monochromator and
aligned followed by the experiment itself.

11.6.4 Preparatory alignment

The light beam from the undulator had earlier been steered out through and
centered on the output window. There was a question of whether the beam line
was straight presenting an open path from the output window to the window in
the backward direction. This was verified by setting up an ordinary 75 W bulb
which was easily seen thorough the beamline prooving the straightness. Still it
was not sure that the synchrotron light from the undulator that exited the output
window could be extrapolated back through the input window.

To check this and to make the final alignment a mirror was placed at the output
window. The synchrotron light was reflected out into the hall to a second mirror,
placed approximately 6 m. away (see fig 11.4). The light was reflected out and
back through a aperture. This aperture was placed at the output window, and the
"optical leg" was therefore roughly 12 m. long, giving a very good precision in
the alignment. The reflected synchrotron light could be seen through the input
window without further adjustments. This could not be done in single bunch, as
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the intensity at those currents was far to low to detect the reflected light by the
eye.

A preliminary check of the undulator wavelength was done by inserting a colour
filter (560 nm +- 50). The result appeared as a thin ring at a suitable energy and
gap. This gave one calibration point for the undulator. It showed that the gap
read out had moved. After additional tests it could be proven that only the
voltage on the readout had slipped a bit, giving the same relations as before, but
with another offset.

undulator

slits

Ck-
laser 6m

Fig. 11.4 Alignment

11.6.5 Trigger logic

Under single bunch operation it was necessary to synchronize the laser pulse to
the electron bunch in the storage ring.

The operation of the laser demanded two trigger pulses. The laser had an internal
pulse generator that ignited the flashlamps. This pulse was then delayed 0.25 ms,
to allow the population inversion to develop and thus maximize the power out
from the laser. This pulse opened a gate in some home built electronics for a
pulse from a stripline in the storage ring. During this time window the first pulse
from the stripline that arrived was able to pass. This synchronized pulse was thus
synchronized to the electron pulse at one position in the storage ring, although
not necessarily in the undulator. The signal was then further delayed by a digital
delay (+- 100 ns in 1 ns steps, maximum the time of one revolution had to be
delayed). In this way it was possible to exactly synchronize the laser to the
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electron bunch. Finally the signal was amplified to suit the input level on the
Q-switch. The risetime of the pulse was between 5 and 10 ns, dependent upon
the voltage.

The output from the laser was not completely stable in time, and a ripple of+- 5
ns could be seen, but since the laser pulse was longer (10 ns) than the electron
bunch (100 ps) this did not present a problem. At lower laser repetition rate
(below 6 Hz), however, the ripple increased.

11.6.6 Spectrum analyzer

Two spectrum analyzers were used, one to study the behaviour of the electron
beam (betatron frequencies and synchrotron frequencies etc.). To detect the
bunch lengthening signal a second spectrum analyzer capable of working at
several GHz was used. For convenience it was placed in the control room,
requiringing the use of 10 m. of coaxial cable. By using a cable designed for high
frequencies we could work up to 4 GHz with reasonable results.

The measurement techninue [ROBl] [0RT2] uses the fact that the strength of
the high harmonics of the revolution frequency changes when the bunch length
changes. The bunch length in turn changes when the energy spread changes. The
bunch length for a certain energy spread is described by the cavity voltage
(frequency and peak power). To make the measurements easy it is necessary to
use a harmonic that is on the slope of the envelope (fig 11.5), as it will have the
biggest relative changes. 3.5 GHz was shown to be a suitable frequency (maybe
more restricted by the bandwidth of the cable than the signal from the storage
ring, but still the result was good).

Fig 11.5 The harmonic content of the revolution frequency with optimum point
for the spectrum analyzer.
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The detected signal had a frequency of approx 6 Hz, and a damping time of 0.5 s.
A 6 Hz ripple in the amplitude of the peak should thus be detectable. In reality
this is very difficult. One way around is to let the spectrum analyztr work in
time domain instead of in frequency domain (a piece of advice from the ORSAY
group, which proved to be very important). The frequency span of the analyzer is
set to 0 Hz, and the scan time to 1 s. This means that the analyzer will "scan"
over the peak, and nothing more. In reality it will just stay on the peak. This peak
value will be presented as a straight line over the screen. When the laser fires,
and hits, this line will exhibit small dips with 0.2 s distance in between. This
change is much easier for the eye to detect than a small change in the amplitude
of the peak. Even the damping times can be seen. (fig. 11.10)

11.6.7 Photo multiplier

Several difficulties arose with the photomultipliers. The main problem was a
very weak signal due to the high background, since spontaneous emission comes
from each pass of the electron bunch (10 MHz) and the HG signal only comes at
6 Hz a factor 1.000.000 was lost. Further, the photomultiplier saturated due to
the background, and no signal was seen in just a single bunch.

The background also consisted of the third harmonic component of the laser. The
tripling crystal in the laser was taken out, but the effect only decreased slightly.
The best way to circumvent this effect was not available; time resolution on the
100 ps scale looking only at the signal when the spontaneous emission was
present. This would increase the signal to noise level by a factor of 100, as the
laser pulse was 10 ns long (fig 11.6).

100 ps
H

10 ns

Fig 11.6 Schematic timing between the laser pulse (lower curve) and the
undulator radiation pulse (upper curve).

Another way to prevent the photomultiplier from saturation was tried. The
dynode chain in the photomultiplier was broken and the first dynode was
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triggered externally, with a gate of 10 pj. This early morning (24 to 5 o'clock)
home built device, unfortunately, strongly perturbated the rest of the electronics.

By minimizing the stray light from the laser and running a very high current
through the photomultiplier a signal was achieved. Still, all measurements had to
be integrated over several laser shots (100-500) and the background subtracted.
This was achieved by a transient digitizer (Biomation 8100) connected to a PC.

11.6.8 Focussing

The laser in the New Year run 88-89 was focussed by an inverted telescope. At
that time a large amount of power was lost due to the small physical size of the
lenses and of the extra lens surfaces. We decided to use an ordinary eyeglass
lens, bought from a lens maker downtown. The focal length was thus fixed, but
not at a well known value.

The lens was initially installed at an assumed good position. One important factor
was the risk of blowing out the input window. This was regarded as a problem as
a test window had broken in a test set-up with a full power Nd:YAG pulse
focussed to 1.5 mm. diameter in the glass. The focussing was thus done just at
the entrance window.

Later the lens was moved away from the window, since it was assumed that the
focus of the laser to be in the end of the undulator. We closed our eyes, crossed
our fingers and hoped for the best for the window (everything went well). Further
the lens had different focal lengths at different wavelengths, and it seemed as the
laser had different focussing properties at different power levels. Altogether the
focussing was made more or less on a trial and error scheme.

11.6.9 Operation

After the initial alignment of the laser to the undulator by use of autocorrelation
the monochromator position had to be verified. By doubling the laser (to 532 nm)
a visible light spot could be achieved and the alignment of the monochromator
became fairly straight forward.

Following the monochromator alignment, the undulator wavelength had to be
adjusted. This was easily done with the monochromator. The peak of the
undulator spectrum that was utilized had a linevidth which was fairly wide and
the precision needed in adjusting the wavelength was low. The signal from the
laser had further to be synchronized to the radiation pulse from the undulator (to
the electron bunch). The signal from a photo diode showing both the laser and
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the undulator pulse was put onto an oscilloscope. By the variable delay of the
trigging of the Q-switch on the laser, a perfect overlap could be achieved.

Following these measures attempts to detect bunch lengthening could be made.
No bunch lengthening was present before additional tuning of the laser beam
position. The spectrum analyzer exhibited a very good sensitivity. But before any
signal was found there the search was "blind". When a signal finally was found it
was fairly easy to maximize and the sensitivity to movements of the prism was
not too large. When a "large" bunch lengthening was achieved measurements of
the coherent photons were made. A number of transients (500) were recorded
and the background was subtracted by opening the undulator gap (change the
undulator wavelength) until no bunchlengthening was detected. With this
situation 500 transients were subtracted. Thus stray light (from the environment,
the undulator or the laser) together with any third order component of the laser
was removed.

11.7 RESULTS OF THE SEPTEMBER - OCTOBER RUN

The number of photons in both coherent and incoherent radiation was counted
and compared. The linewidth of the coherent radiation was measured and a
measurement of how the number of emitted coherent photons depends upon the
electron current was made. An attempt was also *nade to measure the
dependence of laser power on the number of coherent photons. Finally some
values of the induced energy spread were extracted.

11.7.1 Number of photons

The number of photons was measured by the photomultiplier connected to the
monochromator. In the beginning a monochromator with only moderate
resolving power was used. Great difficulties were found in detecting coherent
photons. Finally at one point a weak signal, which could have been something
like a coherent photon signal was seen. Changing to a better monochromator
gave immediate results. Theoretically an ideal linewidth would be 0.01 nm. The
second monochromator could resolve 0.015 nm.

The recordings made by the transient digitizer are seen in fig 11.7.

Each peak consists of photons emitted from the electrons of one bunch at one
passage of the undulator. The time between two peaks is 108 ns, the revolution
time of the storage ring. The photomultiplier and transient digitizer averaged out
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all structure in the peaks. The area of the peaks is proportional to the number of
photons emitted.

P

Time

Fig 11.7 Coherent and incoherent photons emitted

The third bunch in the spectra is the bunch hit by the laser and where any
coherent photons are to be expected. In bottom curve of fig. 11.7 the result of a
intermediate quality recording of the third harmonic (355 nm) is shown. The top
curve shows an optimum situation.

A reconstruction of the number of photons was made. The amplification (eq.
[A-HG.47]) was set to be the relation between a pulse with only incoherent
photons and a peak with coherent and incoherent photons. The number of
photons was counted for the case of only incoherent photons (laser switched off).
This value was translated into the relevant linewidth of the monochromator and
then multiplied by the amplification measured above. Thus the number of
coherent photons was derived.

To calculate the number of incoherent photons it was necessary to damp the
signal heavily. The result is given, together with the calculated values from tab
11.5, in tab. 11.6.
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Table 11.6 Number of emitted photons per electron bunch at 355 nm. for the
given monochromator situation.

measured theory

Coherent photons/bunch

Incoherent photons/bunch

A3

4.5-104

9.3-102

48

9.8107

2.81O3

3.9-104

75 900 photons/s were recorded in single bunch mode at 2.0 mA stored current.
The signal was damped by two neutral density filters ( 104 & I O J , 16 glass
surfaces (0.9616 = 0.52) one UG11-filter (0.85), one interference filter (0.3) and
the photo multiplier efficiency (20 % at 355 nm) giving a total damping of

3.77-10 . Using the revolution frequency of tab. 11.4 the number of photons

emitted in one pass became: 3.1 10 . This value was recorded without the
monochromator, the bandwidth thus had to be translated to that of the
monochromator. The ratio (/?3) in tab. 11.6 is not the spectral ratio (which should

be higher) but the ratio for the acceptance of the detection system.

11.7.2 Linewidth

The linewidth of the coherent peak was recorded by scanning the
monochromator over the peak (fig. 11.8). The result is a linewidth of 0.015 nm
FWHM, which in fact corresponds to the resolution limit of the monochromator.
The actual linewidth is thus below 0.015 nm.

By assuming that the actual linewidth and the linewidth of the monochromator
add up quadratically and that the measured value is 10 % larger than the
monochromator linewidth, the coherent linewidth can be approximated to be
« 0.007 nm
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a

354.72 354.73 354.74

Wavelength (nm)

Fig 11.8 Linewidth of coherent photons

354.75 354.76

11.7.3 Current dependence

The current dependence of the number of coherent photons was measured by
letting the current in the storage ring die out by itself and recording the number
of photons emitted as a function of time (fig 11.9).

•+•
10 20

Current (mA)
H (-

Fig 11.9 The current dependence

30 40 50
Time (min)

60 70 80 90

The result is only a qualitative curve, with a fairly large inaccuracy in subtracting
the background (a component which decays linearly with current, while the
remaining part, the coherent photons decay with the current squared).
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Around 2 mA the maximum number of coherent photons were generated. This
agrees very well with what could be seen from the electron beam behaviour. At
higher currents the beam was very instable, and the spectrum analyzer hardly
showed any significant induced energy spread. At lower currents the coherent
photons should decay quickly since they decrease with the square of the current.
Another aspect available to explain the phenomenon is the turbulent
bunchlengthening, which above a certain threshold current gives an increased
bunchlength and energy spread. The threshold value is not known exactly, but
should be in the range of 2 - 3 mA.

11.7.4 Power dependence

Power dependence measurements were tried but proved to be difficult. Two
ways of reducing the power of the laser were tried: reducing the power to the
amplifier in the laser itself, and introducing a regulatble damper. The second
method worked slightly better, but not well. The reason was that both the
laser-beam position and the focussing of the beam changed while changing the
beam power. It was thus impossible to keep the same conditions and only change
the beam power.

No adequate measurements were made. By reducing the power and retuning the
alignment, roughly the same induced bunch lengthening was achieved down to
around 30 % of the peak power. Near full power (230 mJ/ pulse) the bunching
seemed to saturate, though this is uncertain. The reason, if this was the case, was
probably the heating up of the electron beam (lack of damping time) and not the
laser power. The number of emitted photons at lower laser power was not
measured.

11.75 Induced energy spread

The relative bunchlength was measured by the spectrum analyzer (hg. 11.10)
(see also chap 11.7.6).
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Fig 11.10 Spectrum analyzer (reconstruction of a photo)

The problem with the measurement is mainly that the repetition frequency of the
laser was too high. A consequence of this was that the electron beam did not
have time to fully damp down to the initial condition. An attempt to reconstruct
the zero level and damping time from recordings like fig 11.10, resulted in errors
too large to be useful. A second attempt was done by using a sampling
oscilloscope recording the bunchlength (fig 11.11 a & b). In fig 11.11 a the

bunchlength is shown without the laser firing (71.5 ps FWHM, <V£= 1.4-10 ).

lOOps/div

Fig i l . l l a The bunchlength without the laser firing, as recorded by a sampling
oscilloscope.
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'• : : • I

F W H M • ' • • • ]
142ps 7 X

100 ps/div

Fig 11.11b The average (in time) bunchlength while the laser fires, recorded by
a sampling oscilloscope.

The recording in fig 11.11 b is an average, when the laser fires, over several
passages of the electron bunch. The length at each pass varies with the damping

time of the electron beam (142 ps FWHM, V £ = 2.810"3). The interpretation

here is also difficult as the "heating up" (lack of total damping back to 71.5 ps) is
not known. The induced energy spread for each laser shot does not begin at 71.5
ps, but at a higher value. The energy spread induced by each laser shot is thus not
given explicitly.

A third method used, was to lower the cavity voltage until the electron beam
started to loose electrons. By calculating backwards from the cavity voltage an
estimate of the maximum energy spread could be reached. This method was not
reliable either.

Using all of the measurements together, and some subjective judgement, we
could make an estimate of the energy spread (fig 11.12).

1 10,-3

2 10-3

3 10

4 10

1.4 10,-3

Y X -/ X 2.8 10,-3

Fig 11.12 Bunchlengthening sketched according to judgements.
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A heating up, up to °£/£ = 210 and a maximum induced energy spread plus

heating up of ° B ^ = 4 1 0 , which in reality means an induced energy spread of

°E/E = 210~3 was derived from the data.

11.7.6 Comparison with theory

The theoretical predictions of the number of photons fit well for the incoherent
photons (tab 11.6). For the coherent photons it is a different situation. The
measurements gave too low values. An attempt to explain this can be made by
using less perfect values in the theoretical calculation.

First the induced energy spread. The estimate in chap 11.7.5 is much lower than
the theoretical prediction [11.6]. Errors can be found both in the measurements,
which gave very rough estimates, and in the theoretical calculations. In the
theoretical calculations very little is known about the actual laser beam. The focal
size, the position, the overlap with electron beam, the temporal structure and
mode structure are not well known. The beam has a transverse doughnut profile,
but this should be more or less erased at the large distances used.

The opening angle of the monochromator and thus the amount of radiation
collected was not known with great accuracy. The photomultiplier was operating
close to saturation, and wether or not it saturated during the coherent pulse is not
known.

The single bunch current is not perfectly single bunch, and some part of the
current is still distributed to the other bunches. This relation can only be
estimated to between 75 % and 100 % of the current in the single bunch.

Taking all these factors together can well explain the difference between theory
and experiment, though they are not necessarily the real cause.

11.7.7 Thoughts and criticism

The overall point of the experiment was naturally the successful production of
coherent photons in the third harmonic. A constructive analysis though, seldom
states only what was achieved. A couple of problems were present during our
run.

The accelerator did not behave in a completely stable manner. The operation
point was probably not the best, it was very close to at least one resonance. The
tune shift while closing the undulator also created some problems.

134



11. Experiment in Harmonic Generation

Further, the optics was chosen to give as little dispersion as possible. In an article
by Ortega and Prazeres [PRA1], they point on the fact that a large dispersion can
be favourable (see also chap 11.8.1). This would certainly be the case in our set
up.

The detection of photons was possible, but not much more. A better time
discrimination should be implemented. On the detection side we did so far not
care very much about opening angles. A rather large background of unnecessary
laser radiation was also present.

Changing the power in the laser was possible by an external attenuator. What
happened was that very slight changes in beam position was also induced, giving
almost worthless results.

Detection of eventual photons in the 5th harmonic was not done due to
exhaustion of the crew.

Still, regarding the overall experience of the experiment, there is a good base for
continuation of the project. This experiment has shown the first operation of
Coherent Harmonic Generation using an undulator. The generation was possible
with fairly simple equipment already available at the two laboratories.

So far the number of photons produced and the wavelength regime is rather
meagre. But it should be stressed that there are several avenues left for
improvements. The generation of tuneable photons just above 200 nm is within
reach (see chap 11.8).

11.8 FUTURE

A station to routinely produce coherent photons is still a couple of experimental
generations away. More has to be achieved with Harmonic Generation along the
way, but also the type of experiments that will use the technique must keep in
mind the benefits of the method, and start to plan a station in details.

In the development of a method a couple of things must be done. To be realistic
it must be stated that a useful source probably means a tuneable one emitting
radiation below 100 nm. The linewidth in that case is not a problem as it is
reduced by the wavelength. But the problem is power. To reach 1 mW peak

power* 310 photons per bunch is needed.

Difficult, yes, but impossible...?

Theoretically it is not possible in the present set up to reach below 100 nm.
Further, to detect the emitted photons would be very difficult. (Below 200 nm
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everything is chewed up by the window). A monochromator within the vacuum
system has to be used. A monochromator with 0.005 run resolution!

Tuneability of the laser, which in turn means a tuneability of the coherent
photons, is easier to achieve (see chap 11.8.1).

Both the Tuneability and shorter wavelength are within reach at MAX-lab. We
can not judge from our present results wheter or not we can reach below 100 ran
(7th harmonic of a 600 run Dye-laser).

In this context the results of the HG at ORSAY [PRA4] must be noted. Their set
up at Super-ACO using an OK has generated photons at the 5th harmonic of a
doubled Nd:YAG laser (5th 106 ran). Despite the promising results the project is
abandoned. The problem is not only to get a dye-laser with adequate power, but
it is also a question of stability. The alignment has proven to be extremely
sensitive, especially while using higher harmonics. Further the generation was
not stable in time. Additional corrections of the alignment were necessary as the
current decreased. Their conclusion is therefore [PRA4]:

"However, we believe presently that the extremely critical alignment of the
whole experiment,..., does not appear to be compatible with a user facility."

11.8.1 Dye-laser

The immediate future for the HG experimental series is heading towards
Tuneability. By regarding the limitations and the results of the ORSAY group
[PRA4] the choice has fallen on using a dye laser pumped by a Nd:YAG laser
and operating at around 600 nm. The third harmonic would be extracted from
this. The set up for the experiment would very much be the same as the one used
so far. A couple of improvements are desirable and some of them will be
implemented.

The laser system

A Nd:YAG laser with a higher power (120 MW peak power) than previously is
available. The laser can produce either directly 1.06 \im and 535nm or pump a
dye laser with interchangeable dye media. The pulse parameters are similar to the
old system (10 Hz repetition rate, 10 ns pulse length).

Operating without the dye-laser allowes us the possibility to repeat the previous
experiment. By use of the higher laser power the operation would be more simple
and even the fifth harmonic should be detectable.

The dye-laser has a conversion efficiency of roughly 10 % which means an
output power of 12 MW (120 mJ/pulsc). This power is not completely
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comparable to that used previously (38 M W) since the laser includes a telescope
and the output power is measrued after the telescope. Still the power is
considerably lower than previously, but as bunchlengthening was detected down
to below 30% of the previous power (11.5 MW) the operation should be feasible.

Optical elements

As already mentioned the dye-laser includes a telescope. This solves the problem
of focusing of the laser beam. A telescope will present the necessary flexibility to
fine tune the position of the laser beam focus.

Trigger unit

The synchronization of the laser beam to the electron bunch will be done in very
much the same way as previously. New electronics, based upon the same
principle, will be built to accomodate the new laser model.

Optical detection

On the output side the main difference lies in using a new, faster (2 GHz
sampling rate) transient digitizer. The system will be able to clearly resolve the
coherent photons from the laser photons in the time domain.

A monochromator system with even higher resolving power would be of use, but
it is not available.

Beam characterization

In this area no real hope for improvement exists. The goal is to be able to
measure the electron bunch length and the electron beam position more
precisely. The bunch length measurements are made by sampling techniques,
and due to the very low repetition rate of the system the recording times become
too long. The system is not stable enough to allow them even if some amount of
patience is available.

Storage ring operation

During the last operation the beam was somewhat unstable. Since the cause for
this instability is not well known, a considerably more stable situation can not be
assumed, although some improvement is possible. While running for shorter
wavelengths (pumping at 610 nm) the electron energy will be slightly higher and
thus improve the stability.

Other schemes for improvements are first the possibility of operating with a
larger amount of dispersion in the straight section with the undulator. Previously
it has been regarded as the main goal has been to minimize the size of the
electron beam by all means. By running with zero dispersion the beamsize would
be minimum. Another idea was presented in [PRA1] where it was stressed that
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by introducing a dispersion as large as possible the effective energy spread of the
electron beam would be reduced. Since the actual part of the beam is defined by
the laser beam focus size, which can easily be smaller than the electron beam. A
smaller energy spread makes it possible to receive an adequate signal with less
laser power. This scheme will probably mean an improvement under our
conditions.

Another method is running the storage ring in so called isochronous mode. This
is discussed in section 11.8.2.

Theoretical predictions

In a similar way to chapter 11.4 the number of emitted photons and the
linewidths can be calculated. The result can be seen in table 11.7

Table 11.7 Theoretical predictions for the coming HG experiment

Electron energy
K-value
Laser wavelength

Coherent photons, 3rd harmonic
Incoherent photons

Ratio (spectral), R3

Line width

178 Me V
1.4
610 nm

3.1 105

25

1.2-10*

4.8-10"6

Additional measurements

An additional measurement is planned for the coming series of HG operation to
demonstrate the first step towards a user experiment. The thought is to use an
absorption line in a vapour. One possibility is a mercury cell heated to a proper
temperature. The aim is twofold. First it is of interest to use the tuneability of the
HG process to do an absorption measurement. A measurement on an atomic
absorption line is especially interesting as this is normally out of the question for
synchrotron radiation due to its broadbandedness. Secondly, such a measurement
would be highly desired since it provides a measurement not available in an
ordinary monochromator of the linewidth of the coherent photons.
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11.8.2 Isochronous optics

The storage ring at MAX-lab is very flexible and allows almost any setting of the
optics. One way to improve the operation of a FEL or HG is to operate the
storage ring in isochronous mode (low a). In normal operation of the storage

ring the momentum compaction is around a = 110 . It is easy to calculate a

new optics which reduces this value to a = 1 • 10 .

By reducing the momentum compaction to zero all electrons would remain in
their relative positions during one orbit in the storage ring, regardless of any
difference in energy. This kind of operation of the storage ring though is not
possible. By reducing the momentum compaction to zero the synchrotron
oscillations would disappear, and the machine would be helplessly instable.

In reality it is not necessary to lower the momentum compaction to zero, since
the time an electron with a specific energy takes to pass around the storage ring
is not given only by the dispersion. There is a small velocity difference
connected to an energy difference for a relativistic particle so the momentum
compaction should carry a small value to make up for this difference to make the

storage ring truly isochronous. This value is for MAX-lab close to a = 110"
which also is a kind of limit set in [LIT1].

The idea can be refined further by using one turn, around the machine to create
bunching in the HG. This bunching is optimum if the momentum compaction is

roughly another a = 1-10 , which eases up the limitations in momentum
compaction.

The HG operation would be run as follows. In one passage of the electron bunch
through the undulator the laser would fire as before. The interaction between the
laser and the electron bunch will take place over the whole undulator, not just the
first part. This will increase the energy modulation capability, and lower the
demands on the laser and the energy distribution of the electron beam.

The bunching would then take place during one orbit in the storage ring. It can
be fine tuned by changing the momentum compaction to an optimum value
suitable for the induced energy modulation.

Finally the electron bunch will arrive a second time to the undulator and radiate
coherently. This radiation will take place over the whole undulator and not just
the last section. The intensity of the coherent radiation will thus increase.

The advantages of this method can be summarized as:

- Better energy modulation capabilities
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- Possibility for tuning the momentum compaction (bunching)

- Longer radiation section.

At this moment it must be stressed that the operation of the MAX-lab storage
ring in an isochronous mode has not yet been tried. At BESSY in Berlin a test
was done for a similar operation of the storage ring [BES1]. The result was not
promising. Operation was possible, but the electron current was extremely low,
and completely useless. At Novosibirsk the principle of isochronism between
two undulators have been investigated [GAV1, KUL1], The dispersive section of
an optical klystron was tuned to an "achromatic bend" and the coherence
between the radiation emitted in the two undulators was checked.

11.8.3 FEL and Optical Klystron

The HG project was initialized as a more simple way to reach some of the
features of a FEL. Of course, the thought of FEL or an OK is still alive. A couple
of different paths are possible to follow:

- A FEL operating with the use of the current undulator in the storage ring.

- A FEL operating on the storage ring with a new undulator or optical klystron.

- A FEL using a new undulator/optical klystron and an electron beam directly
from the racetrack microtron.

The two last ideas are not within the scope of this work, but a few words can be
said about the first alternative.

The gain is given for a FEL in [5.17]. By using the values of table 11.8 a gain of
1.4 % can be achieved. This figure is encouraging. It should be noted though that
nothing is included regarding undulator errors, electron beam energy spread or
angular divergence. Further, the spatial overlap between the laser field and the
electron beam is assumed to be perfect. The heating up of the electron beam that
was seen in HG operation is also a reducing factor. Further the electron energy
used in this example is very low. This is positive for the gain, but beam stability
and quality, which is not included in the calculations, suffer.
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Table 11.8 Parameters for FEL

Electron energy 100 MeV (y = 196)
K-value 1.8 (0.24 T)

Xy 2 5510"6m
2

Beam area 0.25 mm2.6
6.7-

Current, peak 100 m A
x 6.7-10"9 s

The device would generate, following the assumptions in [LIT1], a medium
power of 0.7 mW and a peak power of 0.75 W.

Comparing with other experiments there are three successful operations of FEL
on a storage ring. Two at ORSAY (at ACO and Super-ACO) [COU3] and one in
Novosibirsk [KUL2]. All these three experiments have used an Optical Klystron
instead of an undulator. They also operated at higher energies and at shorter
wavelengths. In this context it must be assumed that using this kind of technique
at MAX-lab would be geared towards training and learning, at least initially, and
that a useful "laser station" is hardly feasible.
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12. Conclusions

12.1 UNDULATOR SYSTEM

The undulator system is so far not completely characterized though it has already
been used successfully in experiments.

In addition to the promising results in the measurement of high harmonics,
measuring good linewidth and the operation of Coherent Harmonic Generation, a
couple of general points are worth mentioning.

Storage-ring operation so far has not posed any severe problems. There is,
though, a change in operation point (betatron frequency in horizontal and vertical
direction) but it is small at full energy (550 MeV) and does probably not need
any correction.

A horizontal component of the magnetic field remains. An error in the vertical
strengths was corrected, while no mean of attacking the horizontal error was
found. A complete field map would be of great use for learning more about these
errors.

At injection energy, when the undulator is completely open, the electron beam is
still affected. Additional tuning of the machine is necessary at this point, though
the main problem is position and not focussing.

A final judgement of the operation of the undulator has to await the beam
position monitoring system that is about to be implemented [RÖJ1]. With such a
system the corrections necessary for the operation can be deduced.

12.2 UNDULATOR OPERATION FOR SYNCHROTRON RADIATION

Three main areas are important concerning the coming routine operation of the
undulator at MAX. First, the characteristics of the light from the undulator,
second the stability and repetition of the system, and last the influence of the
undulator on the storage ring/electron beam.

The photons emitted fulfil, so far, the calculated prediction when it comes to
linewidth, usable high harmonics, magnetic errors and relative strength between
the different harmonics. Concerning the absolute photon flux no measurements
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have been made, and thus little can be said. But as all other parameters seem to
hold, there should not be any immediate worries.

The precision in repeating a fixed situation and the stability of the system are
excellent. The ultimate test has been the coherent harmonic generation, which is
an extremely sensitive probe. The electron beam position was perfectly
replicated after an injection, even as the undulator was fully opened and
afterwards closed. The wavelength of the radiation was also repeated
successfully. A reservation for high-current operation has to be made here.

The electron-beam position is influenced by the undulator, both at injection
energy and at full energy. The change at full energy is small, but large enough to
need compensation to keep the beam at the right position. Wether small changes
in the undulator gap are possible to make during one fill of the storage ring
without disturbing other users is very uncertain. (Back to problem with lack of
BPM-system). At injection energy the undulator has so far been operated at full
gap (K = 0.15). The injection is disturbed and the storage ring needs to be
adjusted. The process of opening ana closing the undulator is at the moment
fairly slow and a little cumbersome. Thus injection at a closed gap (K = 1.5 -1.8)
is tempting. It is possible that this can be done after a larger amount of tuning,
but the efficiency might be low.

In summary the storage ring operates well when the undulator is used. The
amount of correction needed so far is possible to make with the present
correctors, but not enough is known about how this influences other parts of the
storage ring. Thus a tiny risk exists that additional correctors will become
necessary.

12.3 COHERENT HARMONIC GENERATION PROSPECTS

The coherent harmonic generation project has so far proved successful, and is
moving on into a third series.

The number of generated photons has been low and is presently the key problem.
Bunching and stability have so far not posed any problem. A lack of perfect
diagnostics leaves a question mark on the precise interpretation of the low
conversion efficiency. Some improvements are possible, but a better way will be
to force the experiment one step further and do additional measurements using
similar equipment.

The next step of the experiment will be to use a dye laser, and find photon
emission at the third harmonic together with tuning of the coherent photon
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wavelength. This will prove both ihe generation efficiency and the stability of
the system.

At the point when those results are at hand, a judgment about the future of the
project can be made. This is not as simple as a mere discussion of the usable
dimensions of the coherent photons. There is also the part of preparation for a
future FEL facility and the secondary results in accelerator diagnostics that can
be extracted from the experiments.
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Appendix • Undulator radiation

Before attacking the main problem of the radiation process the electron motion in
the undulator should be calculated. As a general reference to this subject the
work by Alferov et al. can be given [ALF1].

A-U.l ELECTRON MOTION

The magnetic field in the undulator can be written

B = Bxx = Bosm(^)x

The equations of motions are:

A - - ~ - ~~
dt °

[A-U.l]

[A-U.2]

As there is no electric field from the undulator, the equations of motion become
the single equation:

— (v) = qvxB

B y writ ing v = (x,y ,'z)

1 2 3
A 7T

X yz = (0,zBx,-yBx)

and introducing the magnetic field:

The second equation in [A-U.5] is possible to integrate directly:

[A-U.3]

[A-U.4]

[A-U.5]

[A-U.6]
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,2nz.
cos (-z—)

Kymo2it

At this point it is time for a definition

K e BOXW
ö ^ s —= —— [A-U.7]

which shows how large the amplitude of the oscillation in the horisontal plane is.

« - o, , [A-U.8]
c p 2 K m0

The K factor is also called the undulator strength parameter.

- 1 ) [A-U.9]

The equation for the z-coordinate can not be integrated directly though. Instead
help can be found in the expression:

+ z2 = ( c p ) 2 [A-U.10]

Which gives:

(4 r 1 ) [A-U.ll]
A*,

In normal conditions Bw is small as y is large. It is thus possible to make a series
expansion around 8w following the scheme:

/(a)«VT^7=/(0)+/'(0)a + = 1-1 + ...

By only bringing two terms along, the result will be:

2 It Z .
-r—)

^ [A-U.12]

An approximation can be done as follows:

148



Appendix - Undulator radiation

K$C 2TC3*C 2KZ 1
r A I T n ,

y " / = T 7 [A-U.13]
'Sv Nv 'Sv »

3* iwhere (3* is the average velocity along the z-axis, see eq. [A-U.16].

Which is valid over whole periods of the undulator. z can be further rewritten as:

K2 -i S2 i
r> / i W 2 / 2 7 C Z . . n , , W 1 , , „ n v >

z = c p (1 - y cos'1 (-y—)) = c P (1 - Y - (1 + cos 2 Qwt)) =

Integration of the velocities gives the positions:

x = const. Let'schoose: x = 0

y =

T ( t + ) ) =
4 2 i 2 w [A-U.14]
2 2g2

The next step is to calculate the average velocity of the electron along the z-axis.

K/ _\> S2

- —cos* (~r—)dz =

\v S2 52 ŵ
Ou. A ir T O... I t

z= [A-U.15]

g2

The average velocity along the z-axis can be expressed as an alternative p.
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82

- ^ ) [A-U.16]

which can be rewritten as follows:

[A-U.17]

As 7 is large, the following expansion is allowed:

giving:

* L L ^ i ^ i i 2 ^ [ A . U 1 8 ]
2

^ + (

2-f 2 2 / 2 /

A-U.2 THE WAVELENGTH OF THE RADIATION

With help of the pictures drawn in chapter 3, the wavelength of the radiation can
be calculated.

For a complete period of the Undulator the average velocity along z can be
calculated as:

K 2

-dz=...=cp(l-Y) [A-U.19]

The wavelength is given by comparing the distance along the z-axis, Le = Xw ,
the electron travels during the time between two emission points [KRI2]

and the distance the light travels:

The wavelength is then given by

Using the expression for the time gives
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Xy=C [A-U.20]

• ) -
2Y2 2 2Y2 2Y2 2

i

2Y2 2 2T2 2Y2 2

2Y2 2

assuming that y is large gives:

^ K2

Including the angular dependence as described in (fig 3.7) gives:

K2

2Y2

Assuming that 8 is small:

AT2

5 + 2(x
2-f 2 2Y2 2Y2

[A-U.21]

[A-U.2]

[A-U.23]

[A-U.24]

[A-U.25]

[A-U.26]
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As mentioned in chapter 3, emission also takes place at higher harmonics of this
wavelength. The final expression thus becomes:

^ ) [A-U.27]

where k is the harmonic number.

A-U.3 THE INTENSITY OF THE UNDULATOR RADIATION

The description in this chapter follows in the steps of a couple of references
[ALF1] [KIN1] [M0T1] [KRI1]. The helical undulator is described in [KIN2]
using a similar method.

The basic formula for the radiation involded in synchrotron radiation and thus for
the undulator theory is described by Jackson [JAC1] while dealing with radiation
from moving charges.

Jackson states in his formula [14.67] that the energy emitted by one electron per
unit solid angle and frequency is (here in MKSA)

where 7 defines the position of the electron at time t.

To solve the equation it is favorable to split r into two parts. One dealing with the

constant part of the movement along the z-axis ( r*2 due to the average velocity)

and one dealing with the rest (r - r*z).

Make the definition:

[A-U.30]

A

n ,-

and then a fourier expansion of 5 ( t ) , with the coefficients given by
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2 K

[A-U.31]
* = - . 0

The integral in formula [A-U.29], lets call it A, can be rewritten, and simplified
as aic is not a function oft.

A

n ,_
A-»
nr.

A-»
nr.

nr. nr.

[A-U.32]

The limits in the integration are given by the time the electron exists inside the
undulator.

N2K N2K

The "average" position is given by:

rz=z = t p c

This gives:

[A-U.33]

2 O

Q

JV2_7t i^2jc
2V 2O

[A-U.34]

The factor in formula [A-U.34] containing the sinus has interesting things to tell,
and will be analyzed later on. But first let's deal with the 5* factor.
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2n
^w A - ̂ 7 *

~Z "* I 13 _ I CO I — + ) - ' *• *»w^ J« f A T T 1 C 1

0^=——Jpe c c € ^ at= [A-u.ijj

2n

2n
0

The velocities, c(3, are given by:

y = - 8W c P cos (-«•— )«-5 v vcPcos( i lw r )

. .. 5?
[A-U.36]

The n vector is defined by (see also fig 3.9):

n - (sin 9 sin <p , sin 8 cos cp, cos 6 )

Treating each component of the äk vector separately will start out easy,

a t a = 0 [A-U.37]

but will soon get complicated:

2%

where:

- m L C B
y^-n.-TT-1- [A-U.39a]
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[A-U.39D]

Integration of the sinus factors in the exponents can be done by using an
expansion in Besselfunctions [ABR1].

e =yjD(kz.)e y [A-U.40J

p=-

Pf

[A-U.41]

The integration should be performed over one complete period. All sinus and
cosine terms, hidden in the exponential term, will thus become zero. The only
way to avoid this is if the argument of the sine and cosine functions is zero, thus
giving a constant to integrate.

The first exponential function will become one if: p = - (2 q + k + 1) and the
second exponential function if:p = -(2q + k-l)

= / J-n(z)=M~z) / =
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Y
q

[A-U.42]

Comparing with Alferov [ALF1] gives that the negative sign will be
compensated by the different orientation of the coordinate system (the definition
of the <p angle). This also applies for the negative argument in the Bessel
function (oscillation in the y- plane instead of x-plane).

The next move is to calculate

^ M * [A-U.43]

o
Introducing pz [A-U.36], Y and Z [A-U.39] gives:

2n

[A-U.44]

2K 4

The first integral is, by using the expansion technique in Bessel functions, rather
straight forward.

t y £ i 2 q Q ' i k i l t d t = [A-U.45]
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2n

q 0
p

The other integral:

™{at)J2*i<2at)ikatdt= [A-U.46]

P 1

2 2 -̂  i

p = -2s-k

Y)J(Z

= fz-Y.J-2s-k(Y)-z-Js(Z)= I For simplicity put q = s I =

Which gives the complete aia

Sf2

2, ^ j f S ^ ^ + rf-yJ^Z) [A-U.47]

This makes everything ready to write the complete ä*
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_ 52BZ)ff

Returning a large step back ( to formula [A-U.29]) one of the aims can be seen
to be:
A - A —

nx(nxA)

Which now can be written as:

x ( x A ) ( A ) ( ) A ( Ä ) A
[ A-U.49]

By using the result in [A-U.34]

sin [...]

p 1 [A-U.50]

The bracket in the sum can be written:

[ (sin 9 sin <p, sin 9 cos <p, cos 9 ) • ( 0 , aky, aia) ] n - ( 0 , aky, aiu) =

= (aky sin 9 cos <p + aia cos 9 ) n - ( C , aky, aia) =

= [ aify sin29 cos (p sin 9 + afa sin 9 cos 9 sin cp,

aty sin 9 cos <p + Ö ^ + sin 9 cos <p cos 9 - a^ , [A-U.51]

sin 9 cos q> cos 9 + a^ cos29 a^ ]

The desired expression is in fact;

sm [...]
2 2 , p ^ 2 [A-U.52]

sin [...] —

The — — . — ~ excludes cross terms (different k) in the quadration of the

summation, which will be proved in a page or two. This gives:
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. 2 r ,sinz [...]

« ^ ) n ^ ] I 2 4 ^ [A-U.53]

The different terms can, for a little better visibility, be treated separately.

The a% term:

sin49 cos2cp sin2(p + (sin29 cos2(p - 1 )2 + sin29 cos2cp cos29 = = [A-U.54]

= sin2(p + cos <p cos 9

The aky aia term:

= - 2 sin 9 cos 8 cos <p [A-U.55]

The ah term:

= sin26 [A-U.56]

This gives the complete expression:

• 2 r i NT

sin [...] —
I « x (nx .A) I =^[a%sin2cp + (aky cos cp cos 9 -aia sin9 )2 ] 4 I..)

[A-U.57]

The expressions for Y and Z can be rewritten into an expression carrying more
known variables, and to confonn with the format in Handbook on Synchrotron
Radiation [KOC1],

a . , - p - c o s e il+

n w ny bw c pnw ny bw c p i-

1 - P * c o s 8 c ">v " l - p * c o s 9 ~

= * s i n 8 c o s c p 8 w ( 5 — ^ ~ — = / & » - - and
^ Y
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-skt, [A-U.58]

Observe the different k:s. The small k is the summation variable and the large K
is the undulator strength. The definition of ̂  is the one used in [KOC1].

Similarity for Z:

- a c$& kPSwcos6
nc 8iiw nz~ 8

Time has come to write the final expression:

With/1 defined as:

2 2 StalCDd-^p)-^]^
£ CO i A r A v _ . * A v 112

[co( 1 - n 2

[A-U.60]

As already said, but not yet proved, the summation can be moved outside the
quadration.
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CO
3

1 6 7C

•£l nx(nx afc}lV
sin

The last parenthesis should be treated separately.

Lets rewrite it like:

sin[co(l-n zp )-k£lw] —

co(l-«z|

The argument can be rewritten:

NK

[A-U.61]

[A-U.62]

It

= (co^ - P* cos 6 -k\Nn =

Using that nw = . " - —̂ ~—and the expression [A-U.21]

[A-U.63]

Xv 1
As , ' = — the result becomes:

2 re c coi

Define the final result as:

sin2([ — ~k]Nn
w t * [A-U.64]
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In equation [A-U.53] the summation was said to be possible to move outside the
quadration. The reason is that the H-factor [A-U.60 & A-U.64] makes the cross
terms between different harmonics (k) small.

sin{[ — -* , ] JVf t | sin{[ — -IC2]NK}
L
 C O I COi '

H = - - [A-U.65]

Normally a maximum is reached when

— -Jfc = 0 [A-U.66]

In the situation with two different k, one of the factors reach a maximum, the
other become:

— -k = integer [A-U.67]

which makes H = 0.

On the path to the final equation it is time to rewrite the ak factors.

Define:

[A-U.68a]

[A-U.68b]

[2S2 + k S l ] = r
co ny

 L v co sin 8 cos (p [A-U.69]

Si-
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- P sl " ^ 52 [A-U.70]
K * ©cose z

It is time to insert this into [A-U.57]

a% sin2 9+ (aky cos <p cos Q-aia sin 6 )2 =

^ 7 T \ (2S[casine cos cpj

( 2 5 + * S ) e ( B 5l(ösinecos(pv z x / Y V VK U1
 ÖCOSO

 z ' J

[A-U.71]

Assume that 6 « 1 and —— « 1
to

cosin0cos(pj

1(2 S2 +k SO2 cos2 ip-4 ^ T 1 ( 2 O cos p l l ^[(osm0cos<pj L l T [co sine cos (p

(2 S2 + *S 1 )p*S 1 cos * 2

By using that £lw = « and 0) = A: 0)i plus that

and Åf/=

s

The first parenthesis of [A-U.72] can be rewritten as:

[A-U.72]

©sin9coscp~ [A-U.73]
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[A-U.74]
> cos 9

Inserting this into [A-U.72] and putting P = 1:

Pd+y+^e2)
] + ( P Si 9)2sin z

2 -f 6 cos (p
- p 5icos(p9] + ( P Si 9)2sinz(p =

+( Y Si 9)2sin2(p) =2Yecos(p (

G' [A-U.75]

The total expression for the energy emitted by one electron is thus given by:

^ = [ A . U 7 6 )
4 TI e o c ̂ J [ Y J

Write, and use the relations [A-U.61] [A-U.64] and [A-U.75]:

[A-U.77]

~ = T^YGH [A-U.78]
4 7c ert c **

This form has been chosen as it is the form presented in reference [KRIl], and
fairly widely used.
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A-U.4 IN THE FORWARD DIRECTION

A simplification can be done in the calculation by only analyzing the radiation in
the forward direction. This is done by putting the vector

£ = ( 0 , 0 , 1 ) [A-U.79]

Which should be introduced into [A-U.29]. But lets first write:
A A « A )T A 7^ r » A on r»

[A-U.80]

By introducing this into [A-U.29] a fairly simple expression is achieved:

,•(•)(/-—)dt\
2

= [A-U.81]

Using the expressions:

pj = - bw p cos (Q^ t) [ A-U.82]

d2l e2co2

[A-U.83]

[A-U.84]

Defining

[A-U-851

and rewriting into complex notation, remembering to turn back to real notation
later, gives:

16 rc3 to c

[A-U.86]
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By using the same technique of rewriting the factor with a trigonometrical
function in the exponent to a series of Bessel functions [A-U.40] [ABRl] gives:

e2Q)2

g2CQ2
^

Returning to real notation and solving completely:

2(02

Nn

I 2 =
Nn

[A-U.87]

Here using that:

[A-U.88]
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Q>d-E*) CO ,
*K, "CO!

Where the last step is valid only for 9 = 0.

* 2 co 2

167c3eoc

sin[k + (2p+l)]NK]2_ rAUR91
[* + ( 2 / 7 + 1 ) ] W T C J l '

In this expression the two sine terms will become equal to 1 only for

l ) = 0 [A-U.90]

respectively. All other arguments will make the function zero. As p is an integer
number, the only possible values for k, the harmonic number, are the odd
integers.

Physically this means that in the forward direction, 9 = 0, only the odd harmonics
exist.

Continuing:

e2<*2

g 2 c o 2 . - „ . - . . .

167t3eoc 4

- *(*+!>•> , , T. .. I 2

167c3eoc
= [A-U.91]

— . , 2 7t C . A.»v 2 Ä/y
X can be rewritten using that ca = /t —«— and —r = 4

A/v >J- v*
• / i ±

167



Appendix - Undulator radiation

x Kk [A-U.92]

Using the following additional definitions

gives the final expression:

d2! j _e2N

r K k \ . f K k i

4 + 2 ^ 2K'
\kodd

[A-U.93]

A-U.5 RADIATED ENERGY

The radiated energy is given by:

d2/ , _ rf2/
da dil [A-U.94]

Eq. [3.12] gives d(o = —rr (0
k Nu

and the solid angle is given by:

In eq. [3.20] the opening angle is given as ©max =

which gives:

ik AT

16)



6Q = 7 C { _ 7 1 _ } 2
 = -^L_

Appendix - Undulator radiation

[A-U.95]

All this generates the final result:

11/
c

CO r A T T
[A-U.

This is an optimal value for the definition of theta. More energy can be achieved,
but the price is paid in a larger opening angle and as such a larger linewidth.
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Appendix - Harmonic Generation

The mathemematical treatment of harmonic generation follows closely to the
description in the pictures given in chapter 4. The three different processes,
modulation, bunching and radiation, are treated separately. The result from one
process is carried on to the next one only as inital data for the process.

A-HG.l MODULATION

The modulation that is the result of the first section is a modulation in energy
[CSO1]. The basic assumption for this part is that the effect caused by the laser is
much smaller than the effect caused by the undulator. The approximation done is
that the velocity of the electron is determined by the inital velocity and the
undulator. Furter it is assumed that no changes takes place in the laser beam
during this interaction.

By this assumption the velocity and the position can be adopted directly from the
undulator theory:

x-o

*2 [A-U.36]v =

[A-U.14]

The velocity can be divided into two components: parallel to z-axis and
perpendicular to the z-axis (parallel to the y-axis)

(sina + )y [A-HG.l]

The angle a can be written:

<k
vv vv vv dt dy

vz vz az dz
dt
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The laser wave is described by the propagation vector: * = k n -
n = ( 0 , 0 , l )

A

The direction of the E-field is: E - ( 0 , 1 , 0 )

Defining the total electrical field:

_ _ A

£ = EQ COS I

[A-HG.2]

where

[A-HG.3]

One of the Maxwell equations gives the magnetic field, corresponding to the
electric field:

V x £ =

dt

(1)

d_
dx

0 ,

(2)

dy

(3)

dz~

0

By assuming the same frequency dependence for B

the magnetic field is given by:

[A-HG.4]

[A-HG.5]

[A-HG.6]

c [A-HG.7]

Inserting this into the force equation [4.1] gives the force as written in eq. [4.4]

F = qE(\-$2)y +q E$yZ = eE(0, i-$cosa,$sina) [A-HG.8]

This force can be divided into two parts, one parallel and one perpendicular to
the momentaneous velocity.

Fpar = F v s F ( 0 , sin a , cos a ) = e E [ (1 -13 cos a ) sin a +13 sin a cos a] =
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= e E sin a

F(x) F
(1) (2) (3)
1 0 0
0 sinacosa

= F ( 0 , - cos a , sin a ) =

[A-HG.9]

[A-HG.10]

• 2= e E [ - (1 - P cos a ) cos a + p sin a ] = e E (p - cos a )

Making the approximation that ot is small and that P ~ 1 gives:

Fpar~eEa [A-HG.ll]

and

Vr° [A-HG.12]

The next step is to do some work-out with Fpar.

= e Eo a», cos (&„ t) cos [ 0) ( t - Vc) % ] =

= eEo

_/

- l cos

[A-HG.13]

Rewrite part of the argument in the cosine functions:

(at- — .

[A-HG.14]

where the approximation is possible if looking over a couple of periods in the
undulator. zo is the z coordinate when the electron enters the modulator. t0 is the
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time when the electron enters the modulator, v* is the average velocity along the
z-axis.

Using that

ft* 1 1 i \ r

) = T(-T-D [A-HG.15]p v
z

gives the following expression for the force on the electron:

' par -*>**

[A-HG.16]

When later integrating the force along the undulator, along the z-axis, the first
cosine term will oscillate, and thus not give any contribution. The argument in
the second term though, is independent of z, and the integral will differ from 0.

1 , 2o

As the argument is a constant it can be treated as a relative phase with any
desired value.

[A-HG.17]

The net energy change through the modulator is given by :

\Lm [A-HG.18]

where Lm is the modulator length.

Rewriting an more explicitly, using that:

gives:

&« c B 2 n

Finally assuming that P ~ 1 then gives:
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cos <1>O = A E m a x cos O o [ A-HG.20]
e2'KwBoEoLrn

•*' " " " *
-A

4nymoc

This is the formula desribing the change in energy of one single electron. It is
assumed that the resonance condition is fulfilled. The change in energy is
determined by the relative phase O0, which in the real world is the phase
between the laser field and the electron motion in the undulator.

A-HG.2 BUNCHING

The bunching takes place in the rciddle of the undulator and is dependent of the
induced energy change in the modulator [KIN1].

The dispersion in an undulator is defined by:

" = < * ^ [A-HG.21]

where a is the so called momentum compaction.

L A £ L Ay L dy L J J J * dy

Using that:

and writing

** [A-HG.23]

z is the length along the z-axis corresponding to a path length l0 and L the path
length for the electron to get from z = 0 to z = z0. AL is the change in the path
length due to a change in energy. If the path changes are small A z = - A L,
which then gives:
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[A-HG.24]

dL dL dz r 4 ¥¥/^ _,n= — —Z = -ct [A-HG.25]

These expressions then give:

c t c r 3* Y3

i - T - - / Y ferge / - - ±±& [ A-HG.26]
.

By regarding the time, t, when an electron exits the buncher it is possible to get a
picture of what happens in the buncher.

^ j [A-HG.27]

zo
is

p c p c

o
Where to is the time when the electron enters the buncher. -^— is the time it

P c
takes for the electron to travel through the buncher if it has the "normal" energy.

—^— is the extra time it takes to pass the buncher due to a change in energy.

The current into the buncher is given by

a i Q

where n is the number of electrons.

The current out from the buncher is given by [COI1 ]:

. dn dn&to dt0

' e e '

[A-HG.28]

[ A-H G-2 9 1
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t = to + —- - — — zo cos S>o = [A-HG.30]
p c p c *•

J* c p* c £

'•-"•Zofflsin*,, [A-HG.31]

Rewriting these expressions gives an expression of the current out from the
buncher:

a

/ 'o
14-^si

p c *
[A-HG.32]

A fourier expansion of the current will generate:

I{t) = Y4Cne
inm [A-HG.33]

n

where

T

o

As

%(t0) = u>(t0-^) + % = G>t0 + const [A-HG.34]

It is possible to choose any value on the constant and thus sine and cosine
functions can interchange.

° [A-HG.35]
1 - rj cos co

and

• = to + "T" " ~ s i n w lo [ A-HG.36]
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-in<a( + -T"- : ! 1 s in(or o )A^

O

T

0

r

0 m

[A-HG.37]

The Besselfunction expansion is the same as in the Appendix - Undulator
radiation.

0 m

T

= /£yy f -«

o
m

T

L-'
p c

All integrals over to will become 0, as the functions osscilate over the integration

interval. The only exception is when n = m.

T

t l ^ l [A-HG.38]
mo m

This gives the total expression:
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n m

n

+00

+ 0 0

— -t)]] [A-HG.39]
3* c

A-HG.3 RADIATION

A similar result for the radiation is found in [KINl] and a derivation in [STAl].
The basic function for the radiated intensity is according to [JAC1]:

^ L = ^-^\\\[nxCnx~J)]ei^t-T)dV dt\2 [A-HG.40]

The current density is given by:

7=ecpp [A-HG.41]

where p is the density.

This gives:

r4^ = -^-lJj[^x(AxP)]pe '^'-TW^|2 [A-HG.42]
16;t3eoc

The volume integral adds up the contribution from all electrons. The factor
n x (n x (3) gives the amplitude from each electron independent of phase, p
gives how many electrons that exists at each phase.

The density is given from the current [A-HG.39] where the time is given by:
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t =

Where s is the position for the individual electron inside the bunch.

cos

rt=\

n
[A-HG.43]

The constant term is the normal case with no modulation, and is thus not
interesting now.

s nr,

Lp-c [A-HG.44]

Where the expression for p is inserted, and the time for the emission ( in the
exponential) is corrected for the different places in the electron bunch over which
the integration takes place.

The volume integral is also replaced by an integral over s. The transverse
dimensions are thus omitted.

Extracting the integral over s:

n t o i
= / CDssnB)l / =

an J Re[ e' «• c
 z<> ]ds = I choose zo in a smart way I =

n=l
[A-HG.45]

Rewriting the total expression:

d 1 , .2 _2 ,2 g co
diodil 3

16 K e0 c

f r ft wft-
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S o 1 ' * d å s [A-HG-46)

d2l
Where -—— L is the radiation from ONE electron without the laser present.

The ratio between the number of coherent and incoherent photons is thus given
by the factor [0RT3]:

Xn = "n2"e [A-HG.47]

A-HG.4 THE EFFECT OF ANGULAR AND ENERGY SPREAD

So far in the calculations the spread in energy or in angle of the electrons in the
electron beam has been omitted.

To make an assumption of the magnitude of the effect from these errors the
effect in the modulator and in the radiator can be omitted. As the electron beam
size (transverse dimensions) does not influence the buncher, it is automatically
omitted.

Assume that the errors in energy and angle have gaussian distributions [COI1]
[KIN1]:

I (5£)2

PE = TTTZ-e
e~ 2a] [A-HG.48]

and

2

P9 = ^ 2 r c O e'2O2 [A-HG.49]

where:

ae is the standard deviation of the energy error.

5 E is the energy error

/>£ is the frequency for a certain error.

Similarily for the angular dependence.
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In the buncher both these errors will give a small change in the length of the
buncher.

L + 5L

This error will give a phase error in the generated distribution:

^ [A-HG.50]

If the phase error becomes 2 n everything is OK, but otherwise not. The effect
can thus be represented by:

, 2 71 n ~ . .
cos (—T— o L)

From above [A-HG.17] an energy error will give an error in lenght

[A-HG.51]

An angular error 9, will give an error in length according to (see aiso fig 3.7)

L - 8 L = L cos cp

2
2 ^ ^

For an electron with a certain error a new an can be defined:

. 2 % n ,» .
an = an cos —T— 5 L

Thus for the collective of electrons:

[A-HG.52]

The two 8 factors are better treated separately:

[A-HG.53]

[A-HG.54]
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Where Lb is the buncher length. The solution of the integral can be found in a
standard mathematical table, such as [RUBl]

, _ 2 2

e a x cos bxdx = ~l2a
[A-HG.55]

l -e 2 1 XE

2a2
E

And the 5<p factor [STA1 ] is:

c f , 2 K n . ©2

öjp = J cos[ - y - Lfc ^ -

Also this integral can be found in a table.

0

Define to shorten the length of the formulas:

1
a = -

2nnLb

2X

c =

[A-HG.56]

[A-HG.57]

[A-HG.58]

[A-HG.59a]

[A-HG.59b]

[A-HG.59c]

2 1 . , 2 . , 2
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-c
a + ib + V a-ib

^ + b1 +a-ib
2 a2(l-hb2/a

2)
[A-HG.60]

Define:

s = v i + 3 =
2nnLhol\

[A-HG.61]

[A-HG.62]

This gives the new expression on an'

2 1
ELb2

[A-HG.63]
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APPENDIX • OPTICAL KLYSTRON (OK)

In the basic chapters the way of operation of the optical klystron is described.
While here in this abstract the complete mathematics will be given. A similar
treatment is given in [BOS1].

The main part of the work has in fact already been done in the appendix for
Harmonic Generation (HG). The two first steps of the Optical Klystron (OK) are
identical to the energy modulation and the bunching in HG.

The result after the buncher was an electron beam which was modulated in
space. The current in that beam was written [A-HG.39]:

[A-OK.l]

In the last step of the OK the Synchrotron Radiation emitted by the electron
beam is of no interest, instead the electrons again exchange energy with the laser
field, as they did in the modulator. The calculation is very similar, except for the
different distribution in electron current.

The energy exchange is written [A-HG.18 & 20]:

vdt [A-0K.2]

By assuming that the period of the second undulator in the OK is the same as for
the first one (kw) the energy change of one electron can be written:

°eCtm
§£ = °eCtm

 c o s (p oL = A£ m a x cos % [A-0K.3]

The amount of energy change for each electron is defined by the phase (po. The
total energy exchange is of course the su*i of the energy change over all
electrons.

A£ 2n

A£ = - y ^ Jp (%) cos <po d% [ A-OK.4]
0

where p (cp0) is the electron density at a certain phase.

For an unbunched beam the density is constant:
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The electron density given above is of course nothing else but the electron
current per unit volume:

P (%) = 9o I1 + Z an c o s ( %n) 1 [A-0K.5]
n=\

Which inserted into [A-0K.4] gives the total energy change of a bunched beam:

2n oo

A£ = — " M J [ 1 + Y, an cos (<po n) ] cos (po <%> =
2 7t

0 n=l

AE o 2n

^ £ f c o s (p + ^ a cos (<po n) cos % d% [A-0K.6]K
0 n=\

The first term, corresponding to the still unbunched part of the beam, is zero.

AF °° 2 r t

2 ^ j 0 p 0 Q [A-0K.7]
n=l 0

This integral will become zero for all n, except for n= 1 and n = - 1. But the
second one does not exist in the sum.

2rt
AEmaxpo I
—^—— a\ -

0

If ,
a\ - J cos 2 (po

\ o « \ [A-0K.8]

This is the energy change per unit volume. The total energy lost by the electron
is given by:

AEtot = AE j p dV = - AEmix po ai V =

2
€ K**, Bn En Lr i

A ^ p0 ax V [A-0K.9]

The most important factor for the OK is the possibility to amplify a laser beam.
The gain (G) of the OK is defined as the amount of energy with which the laser
field increases relative the total energy in the laser field:
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The total power in a laser field is given by:

ZOE}ÅC2 ^

Thus the gain can be written as:

/ \ e2KBpLr 2

4nymoc ZOE}

Any moc
lzoElA
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APPENDIX - FREE ELECTRON LASER

The Free Electron Laser (FEL) has some features in common with the OK. The
mathematics though cannot be divided into the three parts of the OK, but the
complete interaction must be treated in one large step.

A helical FEL is derived with a slightly different method in [PEL1] and a
derivation similar to this one is given in [COL1]. A simple, though not
transparent, notion is given in [COI2] that the gain of the FEL is the spontaneous
emission differentiated with respect to the electron energy.

Here a classical derivation will be given, partly close to the one in [YAR1].

The equations of motion carries the solution:

d m c [A-FEL.1]

dt ' mc K

While previously treating the electron motion in the undulator, the change in

energy was set to zero, —7= 0 , which made the equations fairly easy to solve.

In the case of FEL the interesting point is just to find the change in energy. As
this energy is the one that can be transferred to the electromagnetic wave. The
total system of the equations of motion does, unfortunately, become too
complicated to solve, and thus some kind of approximation is necessary.

The electro magnetic field can be written:

E = Ey(z,t)=yE0cos(kz-(ot + y) [A-FEL.2]

The velocity and position can be rewritten:

[A-FEL.3]

|y=yo + Ay
w yo y [A-FEL.4]

Where the terms with subscript o defines the situation wihout any energy
change, and the A terms the disturbance due to a change in energy.
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A-FEL.l FIRST APPROXIMATION

In a first approximation neglect the A terms, and use the expressions already
available for p>o and zo

From the chapter about Undulator radiation (chap 3) the following can be used:

Py = - 8 W p c o s ( Slwt) [ A-FEL.51

and

2 = v t - - r ^ p 1 sin 2 il^ t [ A-FEL.6]

Introducing this into the second equation of motion gives:

d e&w$Eo * cB8&
y_ c— cos [ it(v t--~— sin2 l iwr)-0) r + (p ] cos

at mc o i2)
[A-FEL.7]

By integrating over all electrons the total energy change will be achieved. The
electron distribution entering the FEL is uniform, as no bunching (see HG and
OK) has taken place. This means that there are an equal number of electrons at
each phase angle, (p.

P (<P) = Po

The integration over all electrons becomes:

b$E

0

cos n * r rf(p = 0 [A-FEL.8]

The result is depressing. The energy change when integrating over all electrons
in the electron bunch is zero. This means that totally no energy is neither given to
nor taken from the electromagnetic field.

The approximation made above was not good enough, though the mathematics
became simple.

So, just try again!

Before doing so, rewrite the energy change of this approximation [A-FEL.7], as
the result will be needed later.
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cos [(Qw + fcv*- co) f + A: Ö sin 2

cos [ ( n w + (0 ( 1 - p*)) t + k Q sin 2 n * r - (p ] )

Make the definition:

nsi^-roO-P*) [A-FEL.9]

From [A-U.90]:

fiw 0)1

Which gives:

- — ) [A-FEL.10]

In this definition Q. defines the difference in frequency between the
electromagnetic field, to, and the frequency of the undulator coi.

Using this, the energy change expression becomes:

[A-FEL.ll]

Close to resonance Q t is small while to large.

The total energy change for one electron is given by an integration over time.
The second term in [A-FEL.ll] varies rapidly over t, and becomes zero at the
integration. What will remain is thus:

d e w $ o

dty=~ 2 m c C 0 S [ f l f + ( p ] [A-FEL.12]

Integrate this expression over lime and the result becomes:

Ay= jr [ sin ( Q t+ <p) - sin <p ] [A-FEL.13]
JL fil C W
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A-FEL.2 SECOND APPROXIMATION

In a second approximation expressions for A$y and Az are deduced. Then an
assumption is made wether they can be neglected or not.

The total expression for the energy change then becomes:

dt mc 3 y mc

[A-FEL. 14]

eEo .
= - ( pyo + A p y ) {cos (k zo - co t + cp) cos k Az -

sin ( k zo - 0) t+ <p) sin k Az}

The question then becomes wether:

and [A-FEL.15]

The next step is to search for expressions for AfJy and Az with the help of:
pzo, yo and zo.

The desired expressions can be written:

[A-FEL.16a]

[A-FEL.16b]

[A-FEL.16c]

't [A-FEL.16d]

[A-FEL.16e]
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Rewrite [A-FEL.12]

The approximation of t is valid for a time passing over several periods.

To find an expression on $y it is possible to write:

P2 = p* + p2 [A-FEL.17]

which gives:

I fc I =Vl—UpJ « V l - 4 - & = [A-FEL.18]
r r

An expression of pZo can be found in [A-U.12] and using [A-U.13] gives:

The last term in the square root is very small, as it contains a factor 1/y4, and can
be omitted.

2

This expression is ready do differentiate with respect to y.

2 * 2

[A-FEL.19]

P>
• 3r [A-FEL.20]

As the continuing calculation will be done over several periods it is possible to
already now calculate the average value over a complete period:

[ A - r e L 2 1 1

This expression gives:
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{ sin [ Q t + (p] - sin (p \ [ A-FEL.22]

Pz can be treated in the same manner:

--i jL = [A-FEL.23]

The expression for p>0 is foir , 'LA-U. 12]

T T
Which in tum gives:

[A-FEL.25]

Taking the avenge value:

<^nr> = —m T ->~~rs sin [ Q — + <p] - sin q> [A-FEL.26]

Everything needed to calculate Az is now available. Using [A-FEL.16e] and
[A-FEL.26]:

O < I P Z I > '

[A-FEL.27]

For simplicity call the first two factors in the integration for D.

D~ 2

< I Pz I >Y3 2 m c Q '
Which gives:
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Az = c D J sin [Q f + (p ] - sin (p d t' -
o

= - c D j — (cos[ Q t + (p ] - cos <p) +1 sin <p} [ A-FEL.28]

Time has come to get back to the question of which approximations [A-FEL.15]
that are legitimate.

The first step is to simplify A $y.

With the help of [A-FEL.5]:

By further assuming that Cl is very small [A-FEL.22] becomes:

AO 2
É f l s i n <P + Q r COS(P " sin V

-^Eo [A-FEL.29]

r
Further:

f 1

« — « - [A-FEL.30]

All this leads to:

6 l O 2 ^ £ ö

- « - ^ - ^—«-6lO24"^ [A-FEL.31]

Y
At this point some numerical values have to be used.

t is the time it takes to pass through the undulator. The FEL being of the order of

a meter gives: r = 310~9
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The electromagnetic field strength in the FEL is given by:

£ / = V — j - [A-FEL.32]
EoAc

where Pi is the laser power, for a good laser 100 MW. A is the irradiated area,
2 8

not much smaller than 1 mm . This gives Ei = 310 .
The energy of the electrons, y, is seldom large in a FEL. 200 MeV translates to
Y = 400

The final expression becomes [A-FEL.15]:

I ̂ | = 3.4-10"3«l
IV

The conclusion is that it is possible to neglect the contribution of A py in the
calculation.

The same check has to be done for k Az.

k Az = - — c D {— (cos [ il t + (p ] - cos (p) + / sin <p} =

= - —r- {cos Q t cos <p - sin Cl t sin (p - cos <p +1 il sin (p} =

= - ® {cos (p( cos Q t +) - sin <p ( sin Q. t -1Q)} [ A-FEL.33]

Later it will be proven that at an optimum gain for the FEL the factor Q, t ~ 2.5 .
Using this and creating a "worst case" gives for the parenthesis:

( l ( 1 + 1 ) - l (-1-2.5)1 = 5.5

Using this in [A-FEL.33] gives:

2nc 2 eK^Eo \
= 5.5 ^ — ^ -z—^ 7T = [ A-FEL.34]

Putting all velocities (3 * 1 and a K value of 2:

100 j-x [A-FEL.35]
Xmy o
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o

Using the same values as above, plus that Q = 8-10 and assuming that the
wavelength of the light is roughly 100 nm, gives:

*Az«3.3 [A-FEL.36]

Which does not satisfy [A-FEL.15], and implies that it is not possible to neglect
& Az in the calculations.

A-FEL.3 FINAL APPROACH

Summarizing the calculations up until now is that the first approximation failed,
and some work has been put into finding a second one, that should be better.

According to this approximation it is possible to write the interesting parts of
[A-FEL.3] and [A-FEL.4] as:

zo + cD{sin[ClS + y]-smy}df
0

Using [A-U.36] that:

g2

gives the new z (t)

t

0

* c P &w r 1 i
= c p f-—-—sin (2 fiL, t)~ c D {— (cos [ ftr+<p]-cos<p) + r sin (p

[A-FEL.38]

Define for simplicity a Q as:

[A-FEL.39]
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z (O = c P* t - Q sin (2 Qw i ) - ^U- {cos [ Q f + 9 ] - cos 9 +1 il sin 9}

The electromagnetic field can now be written:

l 'cp*f-ösini

=£0 cos {ifc c p* r - co r + 9 - k [ - Q sin (2 Clw t) -

— (cos [Q t + (p ] - cos <p+1Q sin (p) ] } =

Introducing this into [A-FEL.2] and [A-FEL.lb]

= — p v£ v= [A-FEL.41]

= — (-&w$)cos(Clwt)EoCOs{kc$* t-at + y-k ... } =me

-k ... -(or+(p)
2m c

Qwt-kc$* t+k ... +cof-<p)]

Writing Ä = — gives

/fv 8W p e £„
g [ [A-FEL.42]

- r [ f l w - t o ( l - p * ) ] + 2«Vvr+ik ... - 9 ) ] =

Using [A-FEL.9]

2mc
... -9)1 =

I [A-FEL.43]
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The second cosine term contains the term 2QW ( which is large and oscillates
rapidly over time, while the other terms are either constant or small. This has the
consequence that the second cosine term, at an integration over time, will
become almost zero, and the remaining part is:

cos(rQ-)fc ... + 9 ) [A-FEL.44]
2 me

The term k ... sA<p, contains the correction due to the energy change of the
electrons, and is fairly small.

[A-FEL.45]
2 me

The continuing treatment contains a series expansion around A<p.

2mc

[A-FEL.46]

Using two terms is just enough, but before doing this the factor A<p can be
rewritten into two part'. One only depending of t, and the other depending on
both t and <p.

A<p=A(p(r) + A(p( - >)

[A-FEL.47]

Integrating over al.» ciase angles will give the contribution from all electrons.

[A-FEL.48]

In the integration, only quadratic sine and cosine terms including cp will
contribute. Thus Acp ( t ) can be omitted directly, giving:
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0
cos 9 sin (£2f+<p) + r£2sin<psin(ftr+<p)}]<i<p=

[A-FEL.49]

Keep only the quadratic terms in 9, as the others become zero in the integration.

Po f °w P e Ko k c D r= - — I — — I (cos£2/cos<p-sin£2/sin©)
2 KJ Imc \i

I
2 KJ Imc

(sin Qt cos (p + cos Q t sin q>) - cos <p (sin Qt cos <p + cos Q t sin <p) +

+ f Q sin (p (sin Qt cos <p + cos Q t sin (p) ] d cp [ A-FEL.50]

hy,^eEokcD
For simplicity write: fr = r — and continue [ A-FEL.51]

2mcQ
In

= ̂ - J ft {sin ilt cos Qt (cos2cp - sin2cp) - sin Qt cos29 +1Q cos Qr sin2cp} d cp =
o

Po f r 1 1
= •£— )b\- sin Qt cos 9 +1Q cos ftr sin

[A-FEL.52]

Finally the time has come to calculate the total change in the electron energy.

\t Q cos ( Qt) - sin (Qt) dr =

X

4>(pd t ^
0 0

[A-FEL.53]
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The gain of the FEL is defined as the change in power relative to the total power
in the laser beam:

Gfel = ̂ f [A-FEL.54]

The number of electrons passing per second is given by I/e , where I is the
electron current.

this gives:

A/> = - - m c 2 < A p ( p [ A-FEL.55]

The power in the electro magnetic wave is given by:

zoE
2
oAc

2% [A-FEL.56]

Which in turn generates:

„ A ? / 2 A 2
G = — = -mc <Ay>* * ' "EOEIAC

/ 2 2 , b _ „

EoE
2
oAc

[A-FEL.57]

The factor b, introduced earlier [A-FEL.51], can be rewritten by using the
following equations:

2 me

2Y2

which will give:
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b= = [A-FEL.58]

Introducing ihis in the gain expression [A-FEL.54] concludes the last page:

„ . e & o Kv 3 r 2 - 2 cos QT - Or sin Qx ,

-f n? c2A%toA
[A-FEL.59]
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