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Abstract
- 2 e (7" 2
A review of ehe two-stage free electron laser (FEL) research program =t KmS -Fusion,-ine: —

is presented. The work includes cavity and wiggler magnet design, a study of methods for

minimiging electron energy spread at high first stage intensity, and calculations of second
R stage gain. A quasioptical cavity is proposed to contain the first-stage long-wavelength
i radiation while permitting transmission of second-stage short-wavelength radiation. A
- permanent magnet helical wiggler will be used to produce the long-wavelength radiation. At
high first stage intensities/(~ 10 /al2 ; the energy spread produced in the wiggler will
be > 10% . For the experiment being proposed the beam line and electron collector must be
modified to accept this spread. c; ion papers in this volume give additional details of
the cavity design and ninm:ation{; of energy spread. (- T— e
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The concept of a two-stage free slectron laser was first proposed by Elias!. In a two-
stage FEL, short-wavelength radiation is produced using a low energy electron beam. 1In the
first stage, an electron beam with an energy on the order of a few MeV produces. far infrared
radiation (~ 100-1000 pm) by passing through s magnetic wiggler. This long-wavelength
radiation is then backscattered from the electron beam to produce shorter-wavelength radia-
tion (~ 1-10 uym). The long-wavelength radiation is, therefore, the pump field for the
second stage of the FEL. To obtain significant gain in the second stage, a very high
intensity (~ 107 - 10% w/cn?) pump £ield is required.

PR LR TR

KMS PFusion, Inc. is preparing to conduct a two-stage PEL experiment utilizing the
recirculating electrostatic accelerator at The University of California Santa Barbara
(ucsB)2. To insure the success of this experiment, all aspects of the system must be
analyzed. Our studies, therefore, include investigation of the cavity design, the wiggler
design, the electron beam line, the accelerator and its various components, and the FEL
interaction taking place in each stage of the two-stage FEL with its appropriate scaling.

Up to this point we have concentrated on the design of the cavity and wiggler, and the
scaling of each stage of the FEL. Limits on the attainable first stage power were found to
be imposed by the ability of the return beam line and collector to accept the energy spread
produced in the wiggler. Puture studies will examine design modifications to overcome these
limitations.

nt v de

To attain the high pump field intensities required to operate the second stage of the
FEL, the long-wavelength radiation must be confined in a low loss resonant cavity. For
example, to maintain an intracavity power of 102 W wieh 10 w of input power, cavity losses
would have to be 10”2 per round trip. The input power is limited with an electrostatic

accelerator by the energy the electrons could lose and still be collected in the dome of the
accelerator.
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Por high pump field intensity both high power and a small beam diameter are needed. This
high pump field intensity must be maintained over a distance of the order of meters in order
. to produce adequate laser gain. For the long-wavelength radiation we are
!I considering (~ 1 mm), a long narrow beam of radiation can only be produced in a waveguide.
To protect the cavity end mirrors the long wavelength beam must be permitted to expand at
the ends of the cavity. It must also be possible to remove short wavelength radiation
produced in the second-stage interaction without incurring significant pump field losses.
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A quasioptical cavity design that could meet all of these requirements is shown in Figure
1. Long-wavelength radiation reflected from a large cavity mirror is focused down at the
entrance to the waveguide. The waveguide provides a long region of uniform cross section
for the FEL interaction to take place. After leaving the waveguide the long~wavelength beam

expands by diffraction. The short-wavelength beam suffers almost no diffraction and passes
through holes in the cavity end mirrors.

Cylindrical
Waveguide

e e e e e e . i i e A A 2
[

Magnet

Interaction
Region

Pigure 1. Conceptual design for the resonator cavity of a two-stage FEL.

The lowest loss waveguide mode in this system is the cylindrically symmetric annular TEqy
mode. Because this mode has a minimum on axis and at the walls of the waveguide, losses are
minimal at the holes in the mirror and in the waveguide. By segmenting the waveguide into
conducting annular rings separated by thin insulating layers, all waveguide modes except the
T!ou modes could be suppressed, since these modes have wall currents with no axial
component. An axial electric field could be produced in this segmented waveguide to
optimize gain in both the first and second stages of the FEL.

The waveguide diameter is chosen to be much larger than the wavelength of the far
infrared radiation to minimize absorption losses in the waveguide. For l-mm radiation (300
GHz) and a waveguide inside diameter of 2.44 om, the cutoff frequency of the guide will be
0.05 times the frequency of the long wavelength radiation. For a solid copper waveguide,
the attenuation would be 1.55 x 10" mn-l. This waveguide diameter is also a convenient size
for propagating a high-current (2 - 20 amp) electron beam with low wall losses.

The diameter of the electron beam must be large enough to overlap with the peak intensity
region of the radiation pattern in the waveguide. An electron beam diameter of 1.6 cm is
needed for the waveguide diameter that we have chosen. Space charge effects in an electron
beam with an energy of a few MeV should be minimal for this beam diameter. For best overlap
between the electron beam and the radiation pattern an annular beam would be preferred.
However, in a filled cylindrical beam with a flat density profile most of the beam current
would interact with the radiation field, so that a filled cylindrical beam would be
acceptable for initial experiments.
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Polarization of the TEy, mode is linear but varies with azimuth angle. A helical wiggler
is, therefore, needed to fully excite the TEy; wode. The region in which second stage laser
output is primarily produced is separate from the. section of waveguide in which the wiggler
magnet is used to produce long~wavelength radiation. This allows the gain of each stage to
be optimized separately. An electron beam with low emittance and energy spread first pasaes
through the second stage interaction region, where a very high guality beam is required to
produce the short-wavelength radiation. The beam then enters the wiggler where long-
wavelength radiation is preferentially produced. A small electron energy spread is produced
in the second-stage interaction region, which is a negligible perturbation for the first
stage FPEL. A larger energy spread is produced in the first stage, because at high intensity
the height of the phase space buckets is a significant fraction of the total electron
energy.
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The major design problem for the long-wavelength cavity is minimization of losses due to
absorption, diffraction, and mode conversion. The relative importance of these losses was
analyzed in an earlier report?.  PFor the cavity we are considering, with copper surfaces at
room temperature, absorption losses would be about half a percent per round trip pass. The
only way these losses could be dramatically reduced would be by cooling the conducting
surfaces in the cavity. If diffraction and mode conversion losses could be made very much ‘
smaller than absorption losses, this possibility could be considered. Diffraction losses \
could be made arbitrarily small by making the mirrors large enough and putting them far |
enough awvay from the waveguide so that losses around the edges and through the hole in the !

|
I

mirror are negligible.

Mode conversion occurs when radiation, initially in the TE;, mode in the waveguide,
leaves the waveguide as a superposition of many free space modes, reflects off the cavity i
end mirror, and is refocused back into the waveguide. Because each of the free space modes ]
suffers a slightly different phase shift along its path, the radiation pattern that is
recreated at the entrance to the waveguide is not identical to the radiation pattern of the
wave leaving the waveguide. Some of the radiation may, therefore, miss the entrance hole,
and the radiation that re-enters the waveguide may not all be in the TEy; mode. Radiation
not in the TEg; mode will suffer greater absorption losses in the waveguide and greater
diffraction losses at the end mirrors.

An initial analysis of mode conversion in a quasioptical cavity composed of a cylindrical
pipe and two spherical mirrors indicated that the greatest losses in the cavity would be due
to mode conversion, about 1.68 per round trip pass? . A more detailed analysis, given in an
accompanying paper", investigates a number of possible ways for reducing or eliminating mode
conversion losses. Three techniques have been identified that could, in principle, solve
this problem. One is an optical system in which the phase shift between different free
space modes is exactly 2x radians or a multiple of this guantity. An optical system that
does this is shown in Pigure 2. 1In this case mode conversion losses could be eliminated®,
but absorption losses would increase due to the larger number of reflections per round trip
pass. A second technique is to use a wave front matching aspheric mirror that would reflect

‘ the expanding wave exactly back on itself, eliminating phase shift betwesen modes. A third
approach is to design a microwave horn for the ends of the waveguide that would produce a
transition from a single waveguide mode to a single free space mode, again eliminating the
problem of relative phase shift between modes.

The wave front reflector and waveguide horn would both result in minimal absorption
losses. 1In both cases the design is dependent on the assumed wavelength and mode pattern
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i produced by the wiggler. For this mode pattern losses would be extremely low, but for
undesired modes the beam losses could be much higher, so that the mirror or horn would also
- serve as a filter for unwanted radiation.

' ¥We 40 not know in detail the radiation pattern that will be produced by the wiggler. The
’ purpose of the first experiments is to determine the radiation pattern and spectrum . 1In
this case we would prefer a cavity system that is as insensitive as possible to the
wavelength, spectral distribution, and mode pattern of the emitted radiation. The design of
Pigure 2 is the least dependent on the radiation pattern of the possible solutions we have
l identified. By making the planar mirror out of a material that transmits the long-

- wavelength radiation, such as quartz, with a thin partially-transmitting metallic coating,

e it should be relatively easy to diagnose the radiation pattern that is produced. It

'.:‘1 . therefore appears that the plane-parabolic mirror combination would be a good choice for
initial experiments but that a wave front matching mirror or wavequide horn should be used
to reduce mode conversion losses in a high-power system.

-
Y

An alternative low loss cavity design has been 1n'vutigatod by Elias and GallardoS5. 1In
this design, the long-wavelength radiation is only confined in one dimension and a linear
wiggler can be used to produce the radiation field. This design does not remove the second-
stage radiation through holes in the mirror, since the peak of the radiation pattern is on
axis, but would require a grating or holographic plate to separate the two wavelengths in
the cavity. An slternative to the single-electron beam two—-stage PEL is a two-beam two-
stage PEL in which a separate electron beam is used to optinmize performance in each stage of
the FEL. With suitable modification both the cavity design we have developed and that of
Elias and Gallardo could be used in a two-electron~beam systea.

A
a

s

b3 A
-A':‘A‘A

Parabolic
Mirror

Pigure 2. Multicomponent mirror system to reduce mode conversion losses.

wiggler de

The cylindrically-symmetric quasioptical cavity design we have chosen requires a helical
wiggler to fully excite the first stage TE;, waveguide mode. If the two-stage FEL is to
develop into a practical, continuously-operating device, the wiggler magnet should not
represent an energy drain. This would be the case if the wiggler were either
superconducting, as is the case with the Stanford wiggleré, or if the wiggler were made of
permanent magnets.

We have decided as part of this project to develop a permanent magnet helical wiggler.
This technology should be useful for many kinds of free electron lasers, not just the two-
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stage FEL. NO such device has yet been built, but a design for a helical wiggler based on
an array of permanent magnet dipole rings has been suggested by K. Halbach’. To reduce this
concept to a hardware design, we must develop a model to describe the field produced by an
array of permanent magnets, analyze the electron orbits in the wiggler, determine conditions
for beam stability, investigate injection and extraction conditions for a finite length

wiggler and establish a procedure for tuning the magnets to compensate for imperfections in
the magnetic material.

We have developed a three-dimensional model of the magnetic field in a helical wiggler
composed of an artay of permanent magnets. The field is described in the form of a Fourier
series that exhibits the desired realizable helical wiggler field and its harmonics. The
field has been derived for a three-dimensional cylindrical stack of segmented samarium
cobalt permanent magnet dipole rings. The array is assumed tO be annular and the
magnetization of the segments is rotated systematically to generate a close approximation to
a helical wiggler field in the innermost region.

The remanent magnetization field is represented by the double Pourier series

Mg =2 npq(r cos qu + 6 sin xm) (1)

where

X = pé -~ gkz .

o (2)

This becomes the source distribution used for determining the field in the inner clear-
through volume, the annular region filled with magnetic material, and the region outside the

annulus. The magnetic potential was found in the form of a Pourier -series corresponding to
the series assumed for the magnetigation

"t"pq“pq“'qu' (3)

where the transfer function T(r) has a separate expression in each of the three regions.
The transfer function has been found as a product of simple 2 x 2 matrices of Bessel
functions and their derivatives. A similar analysis has been carried out for materials
other than SmCOg with non-negligible magnetic permeability. In this analysis it was assumed
that the permeability could be different in directions along and perpendicular to the easy

axis. A more detailed description of the model for the magnetic field will be published
separately.

To £ind the optimal wiggler design for this application we must Adetermine the electron
orbits in the helical wiggler and find conditions under which the beam will be stable. The
electron orbits are determined by solving the equations of motion for an electron in a
helical field. The problem can be simplified by choosing an appropriate coordinate system
and finding constants of the motion to reduce the number of equations to be solved.

Using the exact relativistic equations for the trajectory of an electron injected into an
ideal, realizable wiggler we have obtained a new constant of the motion in addition to the

slectron energy. To identify this constant it is convenient to choose a coordinate system
that conforms to the helicity of the wiggler. Por an ideal helical wiggler with no higher
harmonic components of the field, the magnetic scalar potential can be written
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¥ = s{kr) cos(e - xz)
= S(s) cos X (4)

where (r,0,z) are cylindrical coordinates, s = kr and X = & - kz. The coordinate system in
which we choose to work is formed by three orthogonal basis vectors r, 2, and h. r is a
unit vector in the radial direction

>

1= rvxX : (5)
is normal to the surface of constant helicity, and

* - >

h=rx2 (6)

> >
is tangential to the helix of constant s and X. The vectors t and h are not unit vectors

but have the same magnitude

2] = [n| = (1 + 2) 1/2 n

>

The magnetic field is alsc derivable from the vector potential A which in normalized form

in mks units is

» _ ok
8 mypc (8)

The vector potential is given by

k 2 =2 x 9(S(s) sin X) (9)

1f u is a unit vector in the direction of the electron velocity, the normalized canonical
angular momentum is

- - -

U=qu-~-a. (10)
The quantity that has been found to be an exact constant of the motion is

Vsh 0 (11)

In cylindrical coordinates
2
xkr®, 4 1 a4 as(k
V-(——’c)ae-fﬁaf-r—&,—rlun(o-kz) ) (12)

The significance of the conserved component of the angular momentum is that the
coordinate along the helix of constant s and X plays the role of an ignorable coordinate in
the equations of motion. Use of this constant allows reduction of the full equations of
motion to just two second order equations for the dynamics of s and X, still subject to the
constancy of the total electron energy. A full proof that V is indeed a constant of the
motion will be published separately.

Computer simulations of electron orbits in an ideal helical wiggler have been
performed. Por injection parallel to the wiggler axis over the range of parameters that
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were studied the electron orbits were always bounded, but were in general composed of
oscillations at a number of different frequencies superimposed on each other (Figure 3).

For nonparallel injection, conditions can be found® that reduce the cscillations to a single
helical oscillation that would be expected to produce radiation in a well~defined narrow
frequency band (Figure 4). 1In all cases the calculated value for V from the simulation
remained constant to better than 0.5% over the length of the wiggler. We expect these
studies to lead to a hardware design for a wiggler magnet that will be used together with
the quasioptical cavity in an experiment utilizing the UCSB accelerator.

v

2 : 2-
Y (em) Y (em) ]

o-
<
d
1 1
-2 TvittJrrrryrrryryyrrerrm™ -2 rrrrjrrrryyryrryrrrm
. -1 0 1 2 : -2 -1 1 2
X (em) X (em)
Figure 3. Bounded electron orbit for an Figure 4. Orbit of an electron injected
electron injected into a helical wiggler at an angle close to the pitch angle of
in a direction parallel to the axis of the wiggler.
the wiggler.

lifier de n_and ener spread

Por the electron current that will be available from the UCSB accelerator and the
anticipated second-stage cavity losses, we have determined that a very high intensity pump
field (~ 107-108 w/cm?) will be required to initiate oscillations in the second stage of the
two-stage FEL. Design of the first stage to attain these high intensities is, therefore,
probably the most critical aspect of a two-stage FEL experiment. We have investigated a
number of wiggler designs and optimization schemes that could achieve these intensities. As
a result of these studies we have found limitations on the pump field intensity that could
be achieved due to the inability of the return beam line and electron collector to accept an
electron beam with a large energy spread in the present UCSB accelerator configuration.

The energy spread produced in the wiggler is a function of the phase space bucket height,

the number of synchrotron oscillations taking place in the wiggler and the particular
wiggler design. The full bucket height for zero resonant phase is given in mks units by

N JZ 1/2
sy = o Vil B (13)

where A, and B, are the wiggler period and field amplitude, respectively. Ep is the pump
field amplitude, e and m ars the charge and mass of the electron and ¢ is the speed of
light. The dir:ance requi ‘ed for one synchrotron oscillation to take place is given by
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Gain in the wiggler at high intensity must be adequate to sustain laser oscillation. Gain
in the first stage must also be high enough for the pulse to grow to saturation over a small
fraction of the electron pulse length in order to leave time for the second stage signa! to
grow from noise. The maximum gain attainable is small signal gain, Gmax' which scales in
the following way
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where J is the current density and L, is the length of the wiggler.

We considered three different methods of operating the first stage:
1. Using a short, low-field constant-period wiggler that saturates at about 108 w/cm2
and operates in the small signal gain regime over its entire range.

2. Using a tapered wiggler or axial electric field to trap particles and enhance gain at
high intensity.

3. Using a reverse-tapered wiggler or reverse biased axial electric field to provide
enhanced gain with reduced energy spread at high pump field intensities.

1

Lw=5m Ey = 6 MeV 1
Gain 4 le =20 amp. |
B8,, = 50 gauss
10 3_ .
26 Ay = 31.6 cm
73
102} i
|
|
10-3 N . N N
104 108 108 10’ 10* 1 (wicm®)

Pigure 5. First stage laser gain as a function of pump field intensity for wigglers of
different lengths optimized for small-signal-gain operation.

First-stage small-signal gain at constant laser wavelength was found to be greater for
higher electron energies due to the longer distance required for one synchrotron oscillation
and longer wiggler period. However, since for a given first-stage radiation
wavelength A, increases approximately as 12. lower magnetic fields would bc_rcquired to
limit energy spread at higher electron beam energies. Figure 5 shows laser gain as a
function of pump field intensity for a 6-MeV 20-amp electron beam producing l-mm radiation
in a wiggler with a 50-gauss magnetic field. Because the gains are calculated using a one-
dimensional multiparticle simulation code aslumiﬁg a filling factor of 1, actual gain in an

experiment would probably be a factor of a few lower than the calculated values. Energy
spread for all the cases in Pigure 5 was 11.5% at 108 w/cmz.
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required to build up to saturation intensity.

expected to be low, it is desirable to operate the

T
»

reach saturation.

Use of a tapered wiggler to enhance laser gain
problem worse than in the small signal regime.

T e
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provides an advantage over an untapered wiggler wh
take place in the wiggler.

WA LY N A §
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optimization.
trapping regime because untrapped electrons drift
of synchrotron oscillations increases (Pigure 6).

>,

minimum energy spread at high intensity when beam
displacement.
empty.
decelerating axial field to an electron beam trave

Phase space displacement only produces a lower
there are encugh synchrotron oscillations to move
bucket. It is, therefore, a technique that works -
wiggler and a low energy electron beam. It is pos

discussion of phase space displacement is given in

By= kG I= 107 Wem?

o0 °F oo e
10 o : . a o
él(%) a/:—-?m\
7 ( °:° °\cm ° °°°
-10
20 ! | L | LN 1
4 2 0 2 4
Radians
Pigure 6. The energy spread produced by

trapping is always greater than the bucket
height at high intensities because untrapped
electrons drift away from the bucket.

Ui i 2aai S0 S gt grat ANt N DL L DA S Y

accelerator to be on the order of tens of microseconds,

Since the number of synchrotron oscillations increases as B,

energy spread significantly smaller than the bucket height (Figure 7).

If the laser gain were only a little above threshold, a large number of passes would be
Since we expect the pulse length in the UCSB

and the gain in the second stage is
first stage with as high a gain as

possible to minimize the fraction of the available time required for the firat stage to

at high intensity makes the energy spread

This is because a tapered wiggler only

en one or more synchrotron oscillations
1/2

a significantly larger magnetic field is needed for trapping than for small signal gain
The energy spread will always be larger than the bucket height in the

farther away from the bucket as the number

The technigue that appears to have the most promise for providing adequate gain and

recovery is required is phase space

In this method, electrons move around phase space buckets which remain
This effect can be produced in a reverse-tapered wiggler or by applying a

ling through a constant period wiggler.

With phase space displacement the resonant phase of the bucket is negative.

energy spread than particle trapping when
all electrons completely around the

best with a long, high-magnetic-field
sible using this method to produce an

A detailed

an accompanying paper?.

20+ . = =
By = 1kG I = 10°* W/em?
o-
Mgy | e R
F | TR e
.20 °
-40 Y N T T Y ]
4 -2 0 2 4
Radians
Figure 7. Phase space displacement can

produce an energy spread smaller than the
bucket height provided there are enough
synchrotron oscillations to move all the
electrons in the distribution around the
buckets.
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It is clear that, whatever mc;hod we use tO convert electron energy to photon energy and
at whatever energy we wish to operate the acceélerator, a large energy spread will be
produced if we try to reach a first-stage intensity of 108 W/cmz. To recover the electron
beam with high efficiency in the UCSB system it will therefore be necessary to redesign the
beam line, so that the return line from the wiggler can accept a larger energy apread, and
also to redesign the electron collector in the dome of the accelerator to accept a larger
energy spread. The present accelerator and beam line are adequate, however, for single-
stage low-power experiments.

Second-stage FEL scaling
Providing a number of parameters can be achieved, it should be possi>le to obtain on the

order of 1 kw peak power in a two-stage FEL experiment using the UCSB accelerator. The
parameters that are needed for a successful two-stage demonstration experiment are

1, ~ 10% w/cem?
I, ~ 20 amp
t ~ 100 psec

where Ip is the pump field intensity, I, is the electron current, and < is the

length of the usable electron pulse. To operate the second-stage oscillator, laser gain
must be greater than cavity losses. Second-stage gain is shown in Pigure 8 for a number of
different pump field intensities for an interaction length of 3 meters. Cavity losses are
expected to be on the order of 1% per round trip pass in addition to the energy transmitted
as output power. Because the one~dimensional simulation overestimates the gain, actual
experimental gain is expected to be a factor of a few lower than calculated gain. To insure
successful second stage operation we believe it will be n.ci.naty to get close to our target
parameters of 10e w/cm2 pump field intensity and 20 amp electron current, since swmall signal
gain is linearly dependent on both pump field intensity and electron current. If the second
stage does begin to oscillate we would expect that it would reach saturation with an
intracavity intensity on the order of 105 w/cuz. The cross sectional area for the
interaction in the waveguide is about 1.3 cm? g0 that for 1% transmission through the output
mirror a peak cutput power on the order of 1 kw would be achieved.
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Pigure 8. Second stage gain as a function of second stage laser intensity for a number of
different pump field intensities and an electron current of 20 amp.
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