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The visible-infrared self-amplified spontaneous emission amplifier (VISA) free electron laser (FEL)
is an experimental device designed to show self-amplified spontaneous emission (SASE) to satura-
tion in the near infrared to visible light energy range. It generates a resonant wavelength output from
800—600 nm, so that silicon detectors may be used to characterize the optical properties of the FEL radia-
tion. VISA is designed to show how SASE FEL theory corresponds with experiment in this wavelength
range, using an electron beam with emittance close to that planned for the future Linear Coherent Light
Source at SLAC. VISA comprises a4 m pure permanent magnet undulator with four 99 cm segments,
each of 55 periods, 18 mm long. The undulator has distributed focusing built into it, to reduce the
average beta function of the 70-85 MeV electron beam to about 30 cm. There are four FODO cells
per segment. The permanent magnet focusing lattice consists of blocks mounted on either side of the
electron beam, in the undulator gap. The most important undulator error parameter for a free electron
laser is the trgjectory walk-off, or lack of overlap of the photon and electron beams. Using pulsed wire
magnet measurements and magnet shimming, we were able to control trgjectory walk-off to less than

Visible-infrared self-amplified spontaneous emission amplifier free electron laser undulator

*50 wm per field gain length.
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I. INTRODUCTION

This work arose from a long-range goal to design and
build an x-ray free electron laser (FEL) based on a linac
electron source and a single pass undulator that will gen-
erate FEL radiation starting from noise. The eventual goal
isthe Linear Coherent Light Source (LCLS), a1.5 A self-
amplified spontaneous emission (SASE) FEL based on a
15 GeV linac at SLAC [1]. The single pass design is re-
quired for a mirrorless x ray, and it must amplify noise
because we have no coherent seed radiation at x-ray wave-
lengths. Therefore, it isessential to understand the physics
of self-amplified spontaneous emission in these devices
[2]. SASE gain has been demonstrated from noise start-up
at a 15 uwm wavelength, but the 2 m, 100 period undula-
tor we used was not long enough to reach saturation [3].
Also, at that wavelength, detectors are not easily available
to investigate the detailed structure of the gain mecha-
nism. A preferable wavelength range would be in the
visible or near infrared, where silicon detectors can be used
and where Fourier transform methods are available to ana-
lyze the time structure of the FEL radiation. It was for this
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reason that we built the visible-infrared SASE amplifier
(VISA) FEL. Itisinstaled in the Accelerator Test Facil-
ity (ATF) linac at Brookhaven National Laboratory, which
has been upgraded to an energy range of 70—85 MeV. The
ATF has a laser photocathode gun capable of delivering
1.5 psec, 200 A electron pulses with a normalized emit-
tance of 2= mmmrad. The first experimental tests were
completed recently [4].

There are several other groups experimenting with
SASE FELs. The LEUTL experiment of the Advanced
Photon Source a Argonne National Laboratory has
achieved SASE lasing at 530 and 385 nm using nine
2.4 m long, 33 mm period, hybrid undulators originally
built for storage ring use, with focusing magnets between
the undulators [5]. LEUTL used a 217 MeV electron
beam with 8.57 mm mrad normalized emittance for the
530 nm experiment. The TESLA test facility at DESY has
also achieved SASE lasing at 109 nm, with again of about
3000. They used three 4.5 m undulators of 27.3 mm period
lengthwith 12 T/m gradient distributed focusing [6]. They
used a 233 MeV electron beam with 6 = 37 mm mrad
normalized emittance. The VISA project was designed
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to gain experience with the LCLS parameters such as 18.0 mm
electron beam emittance, beam pipe diameter, etc., which -~
are smaller than the other designs. A comparison of the +< <[4 “f
three designs is presented in [7]. 4 Y
6.0 mm

I1. SPECIFICATIONS

Based on GINGER, FRED3D, and semiempirical model sim-
ulations, the FEL physics requires a certain set of pa
rameters and tolerances on those parameters, as shown in
Table | [8]. Values separated by a slash (/) represent val-
ues at 72.6 and 83.84 MeV or 800/600 nm wavelengths.

[11. UNDULATOR STRUCTURE

The VISA undulator has a resonant wavelength of
800 nm (600 nm) at 72.6 MeV (83.8 MeV). The corre-
sponding saturation length is calculated numerically to be
3.4 m (3.8 m), for an ideal undulator with 18 mm period
and a maximum magnetic field of 0.75 T. Therefore,
we decided to build an undulator 4 m long. The period
length and field strength are optimized from numerical
calculations of FEL performance. These parameters
can be achieved with a pure Halbach permanent magnet
approach with no permeable materials, NdFeB magnets
with Br = 1.25 T, and a fixed gap of 6 mm [9]. The
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FIG. 1. Schematic side view of two periods of the VISA undu-
lator structure, showing a symmetric two-half-block termination
scheme. Arrows within the magnet blocks indicate the direction
of magnetization.

magnet blocks are 10 mm high and 4.5 mm thick; the
rectangular shape gives 23% more field than square cross
section blocks would yield. Figure 1 shows the magnetic
scheme for the VISA undulator.

The symmetric two-haf-block termination scheme re-
sults in negligible trgjectory offset, as shown in Fig. 2

The 4 m VISA undulator is built from the beginning as
part of a subsequent experiment at the Source Develop-
ment Laboratory at Brookhaven National Laboratory that
calls for a6 m undulator with the same period length and
gap. Therefore, we modularized the magnetic structure

TABLE I. The VISA undulator specifications.
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Parameter Symbol or formula Specification
Period length Au 18 mm
Number of periods N 220 (55/segment)
Magnetic gap 8 6.0 mm
Maximum B field Bmax 075 T
B field error AB/Bmax 0.4%
Undulator parameter K (aw) 1.26/0.89
Peak-to-peak wiggle amplitude ay = K/(yk) 51/44 um
Length of F and D Lr=Lp 90 mm effective
Length of FODO cell Lropo 247.5 mm
Phase advance/cell [OJRH 61°/52°
Phase error 5S¢ 2°
Focusing gradient gr 333 T/m
Focusing gradient error 8g,/5r 0.2%
Maximum beta function Bmax 408/431 m
Minimum beta function Bmin 134/168 m
Beta function modulation Bmax — Bmin/ Bave 101%/88%
Segment straightness +50 um/m
Horizontal segment location +£500 um
Vertical segment location *+100 wm
Axia segment location +£500 um
Segment roll *+100 wrad
Segment pitch +100 wprad
Segment yaw *50 urad
Trim coil field +50 G
Effective trim coil length 200 mm
Maximum trim kick 4.1/3.6 urad
Required vacuum pressure 10~ Torr
Vacuum pump capacity 4500 | /sec

122402-2



PRST-AB 4 VISIBLE-INFRARED SELF-AMPLIFIED SPONTANEOUS ... 122402 (2001)

anf” : - - g into 99 cm segments. Four of these 55 period segments
comprise VISA, and they are butted together. If one-
allp wavelength drift spaces, A,(1 + K2/2) = 32.3 mm

long, were allowed between segments, the short Rayleigh
length (30—38 mm) of this FEL would alow unacceptable
diffraction losses. There may be gaps of a fraction of a
0 millimeter between segments, which cause a trgjectory

U U phase error, but this should not seriously harm the FEL

b2
=)

Displacement (m)
=

gain. Figure 3 shows the entire 4 m undulator.
The electron beam in VISA hasan rmsradius of 60 mm,
= = = = =5 and numerical simulations show that saturation length is
T . adversely affected if the trajectory walks off a straight
line by more than =50 wm per field gain length of 34 cm
FIG. 2. Numerical trajectory calculation for six periods of (38 cm) at 72 MeV (83 MeV). A magnetic field with rms

ghe wiggle amplitude, peak to peak, is about half the beam trajectory walk-off tolerance.
lameter. . .

Natural focusing istoo weak for a4 m undulator to satu-
rate at these wavelengths, and we are constrained by the
ATF laboratory layout to this length. Therefore we had
to add strong focusing to the undulator. To achieve an
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FIG. 3. Schematic side view of the VISA undulator, with end terminating magnets on both ends, pop-in diagnostic ports (circles),
and steering trim coils (vertical oblong shapes).

FIG. 4. (Color) Schematic view of the VISA undulator, showing dipole magnets (violet) with individual hold down bars (orange).
The spacers assure a precise gap between the dipole magnets. The fixture on the side is the adjustor mechanism for the quadrupole
magnet assemblies, whose ends show in the gap between dipole magnets.
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FIG. 5. (Color) Cutaway view of the VISA undulator showing the lower row of dipole magnets and the quadrupole assemblies above
them. The adjustor assembly with green rods was first designed only to provide horizontal motion and was later modified with cams
on the ends of the rods to move the focusing magnet assemblies in the vertical.

average beta function of 27-30 cm between 72 and
83 MeV, distributed focusing is preferred to lumped
focusing, so we decided to put a FODO lattice with four
cells per segment into the undulator. Figure 4 shows the
overall mechanical structure of the undulator.

The focusing magnet’s blocks are 30 mm long X 4 mm
wide horizontally X 4.5 mm high, arranged in assemblies
of three blocks on each side of the beam axis. There
are four FODO cells per undulator segment, and thus 16
magnet assemblies, two for each F or D. The assemblies
are 99 mm long (because there are spaces between blocks),
and there is a horizontal gap of 10.25 mm between them.
The permanent magnet material (NdFeB) has a remanence
Br = 1.25 T, so they generate gradients of 33 T/m on
axis. The material has Hci > 20 kOe, so that it resists
demagnetization in this geometry.

The focusing assemblies comprise magnet blocks sand-
wiched between aluminum bars, so that the horizontal
aperture for the beam is about 7 mm. The surfaces of
the undulator magnets above and below the aperture are
covered by a25 wm Ni foil that provides a smooth, high
conductivity surfaceto reduceresistive wall wakefields and
wakefield effects caused by the narrow transverse gaps be-
tween adjacent magnets.

In the original design, the focusing magnet assemblies
were attached to the keepers by means of horizontal rods
that were screwed into the assemblies and had their ends
held outside the keepers by nuts on two sides of a bracket.
They were placed into the segment before the dipole mag-
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nets, aligned against a precision ground spacer bar, and
fixed in place. The assemblies were made 0.1 mm thinner
than the 6 mm gap, so that they were not held tightly when
the dipoles were installed. Figure 5 shows the details of
the focusing magnet system.

V. MAGNETIC MEASUREMENTS AND ERROR
MINIMIZATION

The magnetic field errors of a pure permanent magnet
undulator can be controlled in several ways. First, mag-
net material is chosen within a certain tolerance band on
the magnetic moments and the direction of magnetiza-
tion of each block. We specified NdFeB material with
Br = 1.25 T, moment errors of no more than 1.5% of Br
in each of the three principal axes of the rectangular blocks,
and direction error of no more than 1.5°. After Helmholtz
coil measurements are made of the three principa mo-
ments of al blocks, a sorting algorithm is executed on the
data.

We employ a technique called threshold acceptance,
which is similar to ssimulated annealing [10]. Briefly, a
random arrangement of magnets is improved by trading
magnets pairwise. If atrade either improves a merit func-
tion or degrades it by no more than a threshold value the
trade is kept. The threshold is gradually lowered, and fi-
nally a loca minimum is found by letting the threshold
be zero. The merit function we use is a simple vector
addition of magnetic field errors with nearest neighbor
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magnets. Severa sorts are done starting from different
random states and the best one is chosen. We can reduce
starting error values of 1.5% down to about 0.4%, which
meets our requirements.

After sorting and assembly, the undulator assemblies
have magnetic errors from magnetic measurements and
mechanical imperfections, so we employ magnetic shim-
ming to improve the trajectory in each segment. Thiswork
was performed by the magnetic measurements group of the
NSLS at BNL, using the pulsed wire technique, as shown
in Fig. 6. Thistechniqueiswell established for simple un-
dulators[11], but it is more complicated in our case where
quadrupole focusing fields are superposed over the undu-
lator dipole fields. The full description of the magnetic
measurementsis given in Ref. [12], so we give only acon-
densed version here.

First, we find the axis of the quadrupole focusing field.
A short rise time current pulse is put into the wire (to ob-
serve the first integral of the field), and the resulting me-
chanical vibrations are detected by an optical pickup. We
translate the wire transversely to seek a null in the 24.75
cm period signal from the FODO lattice. To enhance this
signal, we suppressthe larger 1.8 cm signal from the dipole
magnet fields by low pass filtering or by Fourier transform
techniques. From tests on a prototype VISA magnet, we
demonstrated that we can locate the quadrupole axis to
+20 um. The undulator sections are designed to be ro-
tated 90°, so that separate x and y measurements can be

made in the horizontal plane, to eliminate the effect of
wire sag.

Having found the quadrupole axis, we measure its posi-
tion mechanically with a precise wire finder that is refer-
enced to tooling balls attached to each end of the undulator
segment. Micrometers mounted on the finder are moved so
that they make electrical contact with the wire. Wefind this
is repeatable to about =5 wm. The positions of the tool-
ing balls relative to each other were found on a coordinate
measuring machine. Also, the wire finder was calibrated
to determine the micrometer readings of the nominal cen-
terline. The best axis wire positions and the calibration
offsets were then used to align the undulators when they
were installed in the vacuum vessdl.

The next step was to observe the second integral of the
field (i.e., thetrajectory), using acurrent step (in practice, a
long, square pulse). We then added shim magnets outboard
fromthe dipole array to correct errorsin thetrgjectory. The
shim magnets are small 3 mm X 3 mm X 2 mm blocks
of NdFeB that are used in fours, as shown in Fig. 7. The
blocks are mounted in pairs on movers that extend into
wells machined through the strongbacks shown in Fig. 4.

The BNL pulsed wire system is capable of measuring a
2 m undulator. After shimming individual 1 m segments,
we set up pairs of segments, butted together, and shim the
trajectory (as measured by the pulsed wire) acrossthejoint,
to minimize trajectory errors. A typical set of the datais
shown in Fig. 8.

FIG. 6. (Color) Two segments of the VISA undulator mounted on the stretched wire testing stand. The wire may be seen passing

down the axis of the undulator.
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FIG. 7. Schematic end view of the VISA undulator, showing placement of shim magnets in groups of four. With magnetizations
arranged as at left, the shim magnets create a net horizontal field on axis, and on the right they create vertical field. By varying the
vertical positions of these magnets, we obtain a tuning range of about 3—35 G cm.

By adjusting the horizontal positions of the focusing
magnets, the horizontal trajectory could be made to walk-
off by less than 10% of the wiggle amplitude (see Fig. 8)
over the length of a segment, which is far better than is
required for the FEL. We concluded that most of thetrgjec-
tory error was due to the positioning of the focusing mag-
nets, since they have a relatively strong gradient. Though
we employed some shim magnets in addition, most of
the corrections were achieved using only the focusing
magnets.

This still left a need to compensate for the vertical tra-
jectory errors, which were approximately as large as the
horizonta errors. Shim magnets that generated a horizon-
tal field were found too weak to correct all vertical errors,
so we attached larger shims directly to the sides of the seg-
ments to provide horizontal field corrections. With these
magnets, we corrected the vertical errors about as well as
the horizontal errors.

In hindsight, we found that trajectory corrections were
much more readily achieved using focusing magnets than
shim magnets. We reasoned that we could correct both
vertical and horizontal errors by moving the focusing mag-
nets in the vertical and the horizontal, so as to obviate the
need for shim magnets. Because of its value for future

pulsed wire signal(100 mV/division)

Distance along axis of undulator - 25 crmvdivision

FIG. 8. Thehorizontal (lower curve) and vertical (upper curve)
trajectories, as measured by the stretched wire apparatus. The
graph shows data for two undulator sections butted together,
after shimming has been done to compensate for errors at the
joint between them. The overall error is well within 10% of the
wiggle amplitude per gain length.

122402-6

FEL designs, we tested this concept using a spare undu-
lator segment that was not incorporated into VISA. The
rods holding the focusing magnets were machined to have
a cam motion, with their ends eccentric by 0.33 mm. Fo-
cusing magnet keepers were made out of single blocks of
7075 aluminum, and the magnets were held in place by
small dots of Torr-Sea® adhesive. The focusing magnets
were simply pressed against a thin floor machined in the
holder. The holder was only 5.15 mm high, leaving a gap
of 0.42 mm above and below when centered. The gap has
some disadvantages in terms of the rf environment, but it
allows usto center the trajectory very well. In preliminary
tests, we found that we could perform al corrections using
only adjustments of the focusing magnets, with no shims.

V. VACUUM VESSEL

There were two possible approaches to the vacuum ves-
sel design, an external box or an internal beam pipe. We
chose the external box, partly becauseit isthe approach we
used in the Los Alamos experiment, and partly because the
fabrication of a6 mm “soda straw” beam pipe, with ports
for diagnostics, was an unknown. In retrospect, we found
that the external vessel made alignment of the undulator
very difficult. It also made difficult the mounting of the
diagnostics because they were attached to the vessel and
not to the undulator. It was necessary to decouple the ex-
ternal vessel from the undulator mechanically, so that no
stresses induced by pumpdown would alter the position of
the undulator, which was aligned by means of measure-
ments taken before pumpdown.

The vacuum chamber was supported on a five-legged
table with a 25 mm thick ground aluminum top. The
undulator was supported by eight transverse slides that sat
atop this table, on which were mounted posts that held
the magnet segments near each end. A flexible welded
bellows was used to provide a vacuum seal between the
dlide and the vessel, and, it was hoped, to decouple the
two mechanically. As it turned out, the upward force of
the vacuum system on the dlides caused them to move
slightly during pumpdown, destroying the alignment of the
undulator. The dlides were replaced by a parallelogram
flexure mover operated by push-push screws, and which

122402-6
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FIG. 9. (Color) Computer-aided design drawing of the VISA undulator vacuum vessel, support table, and rails for the straightness
interferometer measurements. The thick square objects around the vessel represent iron-core window-frame steering correction
magnets. The thin square objects represent stiffeners that were not ultimately employed. In the final implementation, the vessel was
supported near the Airy points, not at the ends. Large ports on top are for pumping, and small ports on the top and sides are for

alignment access.

was stable against pumpdown to better than 10 um. The
range of thisflexureisonly about =200 wm, so it must be
carefully positioned initialy.

The vacuum chamber was fabricated in two parts, one
2.5 m long, the other 1.5 m long, and these were bolted
together with an O-ring seal. There is a removable top
plate for each part, which is O-ring sealed. The end tran-
sitions employed O-ring seals to conventional UHV hard-
ware. Most ports were aluminum/stainless steel transition
nipples, though O-ring sealed ASA portswere used (on the
opposite sidein Fig. 9) for the diagnostic pop-ins, to alow
some lateral adjustability in the position of the pop-in. The
vacuum need only be 107 Torr.

The trim magnets are a sguare iron core window-frame
design, capable of creating =50 G fields on axis with a
full scale current of =5 A in the coils. However, because
there was inadequate clearance between the trim coils and
the BPM ports, we removed the leg of the trim coils on one
side of the vacuum vessel. The remaining side opposite is
capable of creating adequate trim fiel ds, though these fields
are no longer symmetrical transversely. The resulting “C”
shaped steering coils were measured with a Hall probe and
were shown to maintain the steering necessary, without
significant gradients.

Between the support posts and the undulator were fine
ball-end adjustment screws that met a cone-slot-plane kine-
matic mount. There is one cone for all four segments, and
the rest of the mounting points are sots or planes. Be-
cause of galling, it was found necessary that the mounting
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points be hardened; we had them ground from nickel-
bonded tungsten carbide, which is less magnetic than the
cobalt-bonded variety. These screws could be used to ad-
just pitch, roll, and vertical position. The transverse dides
or parallelogram flexures control yaw and transverse po-
sition. Longitudina position of the whole device is not
controlled, since it is arbitrary. The longitudinal posi-
tion of each segment is set by a fine screw adjustor be-
tween each segment, whose setting is determined when
the segments are matched magnetically on the pulsed wire
apparatus.

Initially it was hoped that these screws would be used
only intheinitial in-air alignment of the undulator, so they
were accessed by means of miniflange blanked ports in
the bottom of the vacuum vessel. However, when it was
found that the undulator could move and lose alignment
during pumpdown, it was decided to replace the miniflange
blanks with rotary feedthroughs, so that post-pumpdown
adjustments could be made if necessary.

VI. ALIGNMENT

Rough alignment was performed by ordinary surveying
methods, but precision alignment was done by straightness
interferometry using mechanical contacts to the undulator.
Direct contact between the interferometer optics, in air, had
to be made with the undulator segments. A full description
of thealignment processisgivenin Ref. [13] so weinclude
only a brief summary here.

122402-7
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Initial alignment, using tooling balls mounted on each
segment, brought the axis to straightness within about
+200 wm. A fixture with dlits, referenced to the tooling
balls and previously calibrated to the magnetic axis, was
used to align the entrance and exit of the undulator to a
beam line reference laser, which is also used to calibrate
the diagnostic pop-ins. Two laser straightness interferome-
ters, also aligned parallel to the beam line reference laser,
are used to achieve less than =20 wm alignment error of
the magnetic axes. One interferometer can be moved on a
path level with the axis horizontally, and the other is ver-
tically above the axis. A rod with invariant length is used
to transfer the distance between the tooling ball and the
interferometer, and the interferometer optic may be moved
over the entire 4 m length.

VII. RUN TIME DIAGNOSTICS AND
TRAJECTORY CONTROLS

Initially, we elected to use Ce:YAG (yttrium aluminum
garnet) crystals as beam position monitors. When the elec-
tron beam strikes a 0.5 mm thick Ce:YAG crystdl, it causes
the crystal to fluoresce. We thought that this material
would have negligible blooming, but in fact the fluores-
cence spot bloomed excessively, so we abandoned this ap-
proach in favor of an optical transition radiation (OTR)
approach, even though the signal intensity is much lower
than for Ce:YAG [14].

The diagnostic pop-ins are mounted on the vacuum ves-
sel. The two functions they perform are indicated in
Fig. 10. The pop-ins may be set to one of three positions,
by air cylinders. Inthe“out” position, the pop-in probe end
is flush with the electron beam pipe, to minimize wake-
field effects on the electron beam. In the BPM position,
the electron beam creates optical transition radiation on a
mirror surface, and this radiation is guided out by means
of a periscope to a charge-coupled device (CCD) camera.
The resolution of the BPMsis about 20 wm. In the energy
measuring position, light created by the electron beam is
guided out to a power detector, in order to generate again
curve from the eight points where power is monitored.

FEL light to bolometer

J C JI|LC

J L J L

OTR to CCD

FIG. 10. Schematic layout of diagnostics. On the left, the
triangular mirror is positioned in the vacuum chamber generate
optical transition radiation (OTR), which is guided out of a
periscope to a charge-coupled device (CCD) camera. On the
right, the triangular mirror is positioned to guide FEL light to a
power monitor.

122402-8

There are approximately two betatron oscillation periods
in the length of the VISA undulator, and the diagnostics
and steering trim coils are placed at intervals of roughly
7 /2 phase advance. The trim coils are iron-core picture-
frame electromagnets mounted outside the aluminum vac-
uum vessel. A separate power supply is provided for each
pair of coils. Simulations were performed to analyze the
effect of run time corrections. We find that errors as large
as200 pm can bereducedto 50 wm, but can require kicks
up to 1 mrad. The coilsare5 cm long, axialy, so al mrad
kick at a beam energy of 85 MeV requires afield of about
57 G.

The trim coil power supplies are controlled by the same
computer that reads the positions of the beam on the CCD
cameras. The pop-ins can be inserted sequentialy, the
beam positions are acquired, and then a computer algo-
rithm could be used to determine the required changes in
steering trim currents. This process could be iterated, as
a soft-constraints approach that does not require the beam
to pass through the center of each BPM, but only requires
the best overall straightness. This beam-based approach is
difficult to implement because there are four FODO cells
per corrector. Launch positions and angles are monitored
by button-type electron BPMs, so that run-time corrections
can be made. However, the diagnostics will be used infre-
quently to align the electron beam inthe FEL , sowerely on
therma and mechanical stability in the intervals between
recorrection of the steering currents.

VIll. SUMMARY

The VISA FEL is designed to generate 800—600 nm
light from the SASE process. A 4 m undulator should
be adequate to reach saturation at these wavelengths,
provided that tolerances on magnetic field errors and
alignment can be maintained. The most stringent require-
ment is that trajectory walk-off be held to less than about
+50 um/gain length. By specifying tight tolerances on
the permanent magnets, sorting them, assembling them
precisely and shimming, we met this requirement for
each segment. By shimming across segment joints, and
accurately aligning the segments with straightness inter-
ferometers, we met the walk-off requirement for the entire
device. Findly, using beam position monitoring and
steering trims, remaining trgjectory errors can be reduced
further. Several problems with the vacuum vessel and sup-
ports, and with the diagnostics, were solved in the process
of commissioning.
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