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Longitudinal properties of electron bunches (energy spread and bunch length) and their manipulation are
of importance in free electron lasers (FELs), where magnetic bunch length compression is a common
feature of beam transport. Recirculating accelerators and energy recovery linac accelerators (ERLs) have
been used as FEL drivers for several decades and control of longitudinal beam transport is particularly
important in their magnet lattices. We report on measurements of longitudinal transport properties in an
ERL-FEL, the ALICE (Accelerators and Lasers in Combined Experiments) accelerator at Daresbury
Laboratory. ALICE is an energy recovery research accelerator that drives an infrared free electron laser. By
measuring the time of arrival of electron bunches, the canonical longitudinal transport quantities were
measured in the beam transport and bunch compression sections of the lattice. ALICE includes a four-
dipole bunch compression chicane providing fixed longitudinal transport, and triple bend achromat arcs
including sextupole magnets where the first and second order longitudinal transport can be adjusted. The
longitudinal transport properties in these lattice sections were measured and compared with the theoretical
model of the lattice. A reasonable level of agreement has been found. The effect of sextupoles in second
order, as well as first order, longitudinal correction is considered, with the measurements indicating the

level of alignment of the beam to the center of the sextupole.
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I. INTRODUCTION

The ALICE facility is an energy recovery accelerator
which drives an infrared free electron laser (IR-FEL). It
consists of a dc electron gun, a superconducting booster
module, and an energy recovery loop containing a super-
conducting linac, a bunch compressor and an undulator.
The dc photoinjector gun produces sub-MeV electrons
which are bunched with a normal-conducting rf cavity,
boosted to a few MeV by the first superconducting module,
and injected into the linac where they are accelerated up to
around 30 MeV. The machine layout is shown in Fig. 1.
Bunch compression is achieved by running the main linac
off-crest to give a momentum chirp to the bunch, followed
by transport through a nominally isochronous arc and a
four-dipole chicane. The beam is then passed through the
IR-FEL undulator and a nonisochronous decompressing
arc to return the beam to the linac for energy recovery; the
first arc is mechanically translatable to enable net path
length variation. Bunches with charge up to 100 pC are
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used. Bunch repetition rates (within a bunch train) can be
varied up to 81.25 MHz, with train lengths up to 100 us
and train repetition rates up to 10 Hz. The fundamental rf
frequency is 1.3 GHz.

Longitudinal dynamics (bunch length and energy spread
and their evolution) are of importance in ALICE since short
bunches of ~1 ps with energy spread ~0.7% are required
for the operation of the IR-FEL [1]. Short bunches are also
important for the production of coherent terahertz radiation
in the compression chicane, which is another application of
the ALICE facility [2]. The bunch compression is further
enhanced by means of higher order magnetic corrections,
made possible by sextupoles in the first arc which correct
the curvature of the momentum chirp.

The aim of the studies presented here was to investigate
experimentally the longitudinal beam dynamics and bunch
compression, via measurements of the bunch time of flight,
which can give access to the properties of the longitudinal
transfer map. In the following sections we set out the
principles of the theory and measurement method, and
compare results with expectations. The results yield a
characterization of the longitudinal properties of the triple
bend achromat (TBA) arcs and compression chicane used in
ALICE, and the issues associated with sextupole correction
within these arcs.

Although other ERL-driven FELs have been developed
and operated, published measurements of their longitudinal
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FIG. 1.
C (first arc exit) and D (compression chicane exit).

transport properties are rare. Similar studies to those
presented here have been performed at the ERL IR-FEL
at Jefferson Laboratory [3], where the transport arcs
used are not TBA but the “Bates bend” design. At the
S-DALINAC recirculating accelerator at Darmstadt (which
uses similar arcs to the TBA of ALICE), longitudinal
properties have been measured with the aim of reducing the
energy spread of the extracted beam. The measurements at
the S-DALINAC [4] share some similarities to those
presented here. However, we are not aware of any exper-
imental investigation of both first and second order trans-
port maps of the TBA arc system including sextupoles.

There are other comparable ERL machines of interest for
which longitudinal dynamics are important. They include
the ERL IR-FEL developed by the Japan Atomic Energy
Agency (JAEA) [5] based on TBA arcs. More recently
another compact ERL has been commissioned in Japan at
KEK, also using TBA arcs including sextupoles at which
longitudinal dynamics and bunch compression have been
subjects of recent study [6,7]. The Novosibirsk ERL-FEL
[8], the only multiturn ERL, shares some basic similarities
with ALICE although it operates in a somewhat different
beam and FEL parameter regime. Finally a prototype high
current ERL is currently being constructed at HZB,
Germany (Helmholtz-Zentrum Berlin fiir Materialien und
Energie), which will have a short pulse mode requiring
bunch compression relying entirely on longitudinal proper-
ties of TBA arcs [9,10].

Elsewhere, the results reported in this paper may have
relevance for machines that do not use the ERL principle but
contain loops or arcs and for which longitudinal properties are
important, for example the IR-FEL at Kyoto University [11].

II. MAGNETIC BUNCH COMPRESSION

We briefly describe the theory of magnetic bunch
compression in the ideal case, which relies on a correlation
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Layout of the ALICE energy recovery linac accelerator (ERL) showing locations A (main linac entrance), B (main linac exit),

between particle momentum and longitudinal coordinate
in the bunch (the head of the bunch is at a different
momentum to the tail). If a bunch with an appropriate
correlation passes through a section of beam line in which
the distance traveled by a particle depends on its momen-
tum, the head-tail separation can be decreased.

The longitudinal dynamics can be described in terms of
the momentum deviation § = (P — Py)/P, (where P is the
particle momentum and P, is the reference momentum),
and longitudinal coordinate z (which describes the position
of a particle in a bunch relative to a reference particle
traveling along the beam line with the reference momen-
tum). The transfer map for the momentum deviation from
the linac entrance (point A in Fig. 1) to the linac exit (point
B) can be written (to second order)

g = Ree0a + Resza + Tes525- (1)

where Rgq represents the effect of the adiabatic damping in
the linac, Rgs represents the momentum chirp, and 7'¢ss
represents the effect of the rf curvature. It is assumed that
the longitudinal coordinate z of the particle does not change
in the linac (relativistic approximation).

The transfer map for the longitudinal coordinate from the
linac entrance (point A) to the compression chicane exit
(point D) is

Zp = 2a + Rse0p + Ts660%. (2)

where Rsq and T'sq represent the linear and second order
dependence of path length on momentum deviation from
the arc and the chicane. The longitudinal transfer matrix
elements Rsq and T's¢¢ are often referred to as the (first and
second order, respectively) momentum compaction or
longitudinal dispersion.

From (1) and (2) it follows that the final mean square
bunch length is given by
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(z) = (1 + RssRe5)*(23)
+ 2Rs6Re6(1 + RssRes)(2404)
+ R36R3:(5%)
+0(3). (3)

where (z3) is the initial mean square bunch length, (53) is
the initial mean square momentum spread, (z48,) is the
initial momentum chirp, and O(3) represents terms of third
order and above in the variables z4 and dy.

In the case where the bunch injected into the linac has no
chirp and the initial momentum spread is much smaller than
the initial bunch length, so that

1 + Rs6R
V18) e
564166

then the final bunch length (3) can be minimized (to second
order) by enforcing the condition

(z3), 4)

Res = —1/Rsg. (5)

The quantity Rgs describing the chirping transformation by
the rf is given in terms of the acceleration parameters:

eV, esin(¢,r)k,
R65 - - f ( f) ! ) (6)
eV, cos(dhyy) + Ex

where E,, is the reference energy before acceleration, V. is
the accelerating voltage, k,; = 27/A,, where 4,/ is the rf
wavelength, and ¢, is the rf phase. Thus Egs. (5) and (6)
determine the off-crest rf phase at which maximum
compression is achieved. If there is no initial chirp (so
that (z46,) = 0) and the conditions (4) and (5) are satisfied,
then the final rms bunch length is given by

\/ (2b) = RssRes\/ (63) + O(3/2). (7)

Higher order terms can lead to significant distortion of
the longitudinal phase space at the exit of the chicane and if
not properly controlled can result in a bunch that is
significantly longer than would be expected by considering
only the linear coefficients in the transfer map. The com-
pressed bunch length (z3) in Eq. (3) can be computed
explicitly to third order. Typically, it is found that the
dominant higher order term is the term (z35,); the
coefficient of this term can be set to zero by enforcing
the condition

Tses = —R3Tgss. (8)

The values of Rs¢ and T'¢s5 are fixed by the optimization of
the linear part of the transfer map. To avoid higher order

distortions T's¢ is controlled by including sextupoles at
locations in the beam line where the dispersion is nonzero.

III. ALICE LATTICE LONGITUDINAL
TRANSPORT DESIGN AND
IMPLEMENTATION

The ALICE accelerator was originally devised as a
prototype fourth generation light source, and its design
was influenced by a similar demonstration project, the
IR-FEL DEMO at Jefferson Laboratory (JLAB) [12]. The
ALICE design is described in detail elsewhere [13—15] and
here we just outline the main features.

As described above, the longitudinal transport and bunch
compression in ALICE are dominated by a four-dipole
magnetic chicane, in similar way to that in DEMO at JLAB.
However, the ALICE arcs were chosen to be a triple bend
achromat (TBA) design in contrast to the Bates bend of
DEMO. Earlier design work on TBA arcs for the CTF3
project at CERN [16] showed that this type of arc could be
tuned to provide isochronous transport or to provide
nonzero Rsq [14]. The TBA arc was therefore adopted
for ALICE with the first (outward) arc designed to be
nominally isochronous and for the second (return) arc
designed to cancel the Rs of the chicane, thus making the
entire energy recovery loop nominally isochronous.

The TBA arcs in ALICE each contain two symmetrically
located pairs of quadrupoles (see Fig. 1). The longitudinal
transport properties of the arcs are sensitive to the field
strength of the outer pair of quadrupoles, allowing them to
operate with Rss ranging from small positive to large
negative values. Note that the Rs¢ of the chicane is defined
here to be negative: different simulation codes use different
conventions, for example MADX [17] defines the Rsq of
such a chicane to be positive, whereas ELEGANT [18]
defines it to be negative. The arcs can be made isochronous
and achromatic (the so-called “closed” arc condition) for a
single unique value of the strengths of the quadrupole pairs.
Isochronicity and achromaticity can be achieved nonsimul-
taneously for other values of the quadrupoles.

The compression chicane (which bends in the horizontal
plane) is designed to provide a fixed Rsq of —0.28 m. The
chicane is composed of four rectangular dipoles angled at
half the bend angle (the bend angle is 21.5°). For this type
of chicane it can be shown that the transfer matrix elements
Rs, and Rs, are zero (a similar property to a four-dipole
chicane with normal entrance and exit of the beam to each
dipole [19]). A consequence of this is that the contribution
of the chicane Rs¢ to the longitudinal transport between the
linac and the FEL is simply to add —0.28 m to the Rs¢ of
the upstream lattice, irrespective of whether the arc is
closed or not. In other words, all bunch compression
flexibility resides in the first arc (and linac chirp) rather
than the chicane.

In ALICE the chirp required for compression is provided
by the main linac. For typical ALICE parameters
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(k,y=272m™", E,~65MeV, eV,;~20MeV) and
assuming the nominal post-linac Rs¢ of —0.28 m, the phase
required for maximum compression, using Egs. (5) and (6) is
approximately 10°. In practice, the FEL performance is
often found to be optimized by operating the linac some
degrees further off-crest. This is most likely due to an
existing reverse chirp on the bunch at the entrance to the
linac: there is some evidence for this from simulations and
measurements.

At the design phase of 10°, the higher order coefficient
describing the linac transformation 755 is approximately
270 m~2 and thus the post-linac T's¢q required to cancel this
higher order distortion using Eq. (8) is approximately
—6 m. The sextupoles in the first arc, when used in concord
at their maximum strength can provide Tsqs = —20 m in
the longitudinal transport to the FEL. Horizontal misalign-
ment of the sextupoles can lead to a modification of the Rsg
of the arc. The largest components of sextupole field for a
horizontally displaced beam are dipolar and quadrupolar,
and the quadrupole component may affect the arc Rsq in a
similar fashion to the arc outer quadrupoles.

The operational setup of ALICE is guided by the theory
and calculations above for maximum bunch compression.
In practice, however, rather than rigorously applying this
prescription, the flexibility of the longitudinal transport of
the arc allows pragmatic optimization of the FEL radiation
intensity by scanning the quadrupole and sextupole
strengths to find the optimal working point. The rf phase
is also usually tuned (iteratively with the arc settings) to
maximize the FEL intensity. To optimize FEL performance,
minor adjustments are made to a range of other machine
parameters including injector settings, steering and focus-
ing in the undulator, nonundulator steering, and even the
beam energy. Beam energy adjustments may affect the
longitudinal transport, as will be seen below.

IV. EXTRACTION OF LONGITUDINAL MATRIX
ELEMENTS FROM MEASUREMENTS

The longitudinal transfer matrix elements between any
two locations a and b in the lattice may be expressed as

Rsq = % and T'se6 = %%{,
evaluated at 6 = 0; in other words Rs¢ and T'sq¢ are the
local gradient and parabolic curvature describing the
change in particle longitudinal position as a function of
momentum deviation, about the reference momentum P,,.

Thus for a chosen machine beam momentum set point
(typical long term value for ALICE is P, = 26.5 MeV/c¢),
the values of Rsq and T'sgq between two arbitrary locations
can be found by measuring the change in bunch path length
between these locations as functions of the beam momen-
tum, around the set point. This can be achieved by
measuring the time of arrival of a bunch (converted to
path length simply by multiplying by the speed of light)
while varying the beam momentum (via the linac gradient).

where the derivatives are

In ALICE the measurements of greatest interest for the
bunch compression are the values of Rsq and T'sg in
the compression section of the lattice, i.e. from the linac to
the exit of the compression chicane. Also of interest (for
characterizing the properties of the TBA lattice) were the
values of Rsq and T's¢¢ only of the arc.

The path lengths from linac to arc exit and from linac
to chicane exit were measured by the time of arrival
(TOA) of a bunch (the first bunch in the train) using the
signals from beam position monitors (BPMs) at the exit
of the first arc and at the chicane exit. Since only path
length changes (with respect to changes in beam momen-
tum) are required to obtain Rs¢ and T's¢6 the absolute time
of flight from the linac to these locations is not required.

The TOA is measured by sampling the BPM signal
waveforms on a high bandwidth oscilloscope (sampling at
50 ps intervals). The BPM signal shape due to a single
bunch is sinusoidal-like, and the TOA is interpolated as the
time of the first zero crossing of this signal. The shot-to-
shot variation in this TOA measurement is due to both
intrinsic jitter of the time of flight of the bunches and error
on the instrument measurement and interpolation between
time samples. We have not quantified each contribution to
the measurement variation in TOA but the total typical rms
variation is approximately Gaussian with an rms of several
ps. By averaging the TOA measurement over many shots a
TOA resolution of <1 ps is obtained, leading to an error of
a small fraction of a millimeter on the path length
measurement which we expect to be near-normally dis-
tributed between measurements.

For each BPM the relative path length can thus be
measured as a function of momentum by varying the linac
gradient. Since we expect the TOA/path length error to be
near-normally distributed between measurements, we
would expect this only to add statistical rather than
systematic error to the measured path length vs momentum
dependence. The linac gradient control parameter is con-
verted into beam momentum using momentum measure-
ments performed with the first dipole of the first arc (which
has an independent calibration between current in the coils
and field strength) and a downstream screen to measure the
beam deflection.

V. RESULTS

Using the measurement method described above, the
relative path length as a function of beam momentum was
measured in the compression section of the lattice, yielding
values for Rsq and T's¢. As described in Sec. I, the outer
quadrupoles in the arc provide tunability of the post-linac
longitudinal transport and thus, in the first study, the Rsq
and Ts¢ were obtained as functions of the quadrupole
strengths.

The measurements of path length vs momentum at the
arc exit and the chicane exit are shown in Fig. 2.
Measurements were made for different arc quadrupole
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FIG. 2. Relative path length vs beam momentum from linac exit
(location B in Fig. 1) to arc exit (location C in Fig. 1) and chicane
exit (location D in Fig. 1). Points are measurements, lines are
parabolic fits. The colors represent different quadrupole strengths
in the first arc, the values of which are indicated in Fig. 3.
The nominal ALICE beam momentum is 26.5 MeV/c.

strengths (indicated by different colors in Fig. 2). The
sextupoles were set to zero strength. The nonlinear nature
of the longitudinal transport is very clear. From the curves
the values of Rsq and T'sqq are obtained, as described in
Sec. IV, by fitting parabolic curves and calculating the local
slope and curvature about the reference momentum
Py =26.5 MeV/c. The shapes of the curves at the chicane
exit indicate the large Rsq contribution of the compression
chicane; the arc isochronicity condition (Rsq = % =0)is
achieved when the bunch momentum is at the minimum of
a given parabola in Fig. 2.

Figure 2 illustrates that different reference momenta
(with a fixed lattice) yield different values for Rsq and 7's44.
In other words, if the beam momentum changes then the
longitudinal transport will change. Beam momentum
“drift” may be possible over a prolonged period of running
when the beam momentum is adjusted as an optimization
parameter.

For the nominal reference momentum of 26.5 MeV/c,
the values of Rsq for the different quadrupole settings are
shown in Fig. 3. The errors displayed are the statistical
errors obtained from the parabolic fit, which we expect to
be dominated be statistical error on the TOA measurement.
Shown in the same plot are the theoretical predictions,
calculated using an ELEGANT model of the ALICE Iattice.
The results illustrate the flexibility in the lattice Rsg
provided by the arc quadrupoles, and show that the

0.1

Rse
arc exit

0.0

0.1 3 e

Rs¢ (m)

-0.5 -
8.7 8.8 8.9 9.0 9.1 9.2 9.3 9.4

arc outer quadrupole strength K (m™2)

FIG. 3. Rs from linac exit to arc exit (red) and from linac exit
to chicane exit (black) vs arc quadrupole strength. The dashed
lines show the theoretical predictions and the points show the
measurements. The reference momentum is 26.5 MeV/c. The
error bars are the errors from the parabolic fits used to extract
the Rs¢. The faint dashed vertical and horizontal lines indicate
the theoretical closed arc condition where the arc is both
isochronous and achromatic.

compression chicane provides an Rsq contribution
~30 cm, independent of quadrupole strength (as expected
and described in Sec. IIT). At the chicane exit, the change of
Rs¢s when computed from the measurement with different
reference momenta is approximately 12 cm for a 1%
change in reference momentum (for any of the arc quadru-
pole strengths in these measurements).

The difference between theory and measurement appears
systematic rather than statistical and may come from a
number of sources. Since our data does not provide a means
to separately determine the individual possible errors we
speculate below on some of the likely sources. Errors in
magnet field strength affect both theoretical predictions and
measurements in multiple ways. Many magnets in ALICE
are powered by unipolar power supplies, and cannot be
properly degaussed; others may have been degaussed
imperfectly. Errors in the magnet field strengths from poor
degaussing, or indeed from imperfect magnet strength
calibrations, may cause systematic differences between
measurement and theory which would be different at the
arc exit and the chicane exit. An error in the dipole strength
used to measure the beam momentum may also affect the
agreement between theory and measurement in a system-
atic way. Since the measurements were taken on different
days, between which the machine had been used for other
purposes, the machine setup may not have been identical
for both sets of measurements. Using a parabolic fit to the
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FIG. 4. Ts¢ from linac exit to arc exit (red) and from linac exit
to chicane exit (black) vs arc quadrupole strength. The dashed
lines show the theoretical predictions.

data rather than a higher-order polynomial means that
momentum compaction terms higher than second order are
neglected; such terms may have a different impact on the
longitudinal dynamics between different points in the beam
line. Therefore, using a parabolic fit to the data may
introduce systematic errors that are different for measure-
ments of the transfer matrix elements to the exit of the arc
and to the chicane exit.

The T'546 of the post-linac lattice (with sextupoles at zero
strength) was extracted using the same procedure, and is
shown in Fig. 4. There is qualitative—and, partially,
quantitative—agreement between the theoretical and the
experimentally measured values of T'sqq. The causes of
systematic error mentioned above similarly affect these
results. The “natural” Tse¢ (i.€. occurring only from dipoles
and quadrupoles) of the lattice would, if uncorrected,
increase the distortion of the particle distribution in
longitudinal phase space, and could therefore prove detri-
mental to achieving small bunch length. As described in the
preceding sections, sextupoles are located in the arcs to
provide control of Ts¢, aiding bunch compression and
energy recovery. However, sextupoles only provide a pure
Tsee correction when perfectly aligned to the beam; any
beam offset will result in the sextupoles also contributing
to R56'

The effect of the sextupoles on the dependence of path
length on momentum clearly demonstrates their impact on
the longitudinal dynamics. This is illustrated by Fig. 5,
which shows the effect of the first sextupole of the first arc
when it is set to its maximum strength (around 50 T/m? or,
at a reference momentum of 26.5 MeV/c, K ~ 550 m™).

64

[N
%)

D
(=)

58

56

relative path length (mm)

25.8 26.0 26.2 26.4 26.6 26.8 27.0 27.2
beam momentum (MeV/c)

FIG. 5. Relative path length from linac exit to arc exit vs beam
momentum, with the first sextupole at zero strength (black line)
or at maximum field strength (colored lines). The different colors
indicate data taken with different strengths of the first arc dipole,
i.e. different beam steering through the first sextupole.

It is clear from the shapes of the curves that the sextupole
acts in the opposite sense to the natural T's¢4 of the arc, and
that unless the beam is set to the appropriate momentum
and steered carefully to the center of the sextupole, the Rs¢
may be altered. This may not necessarily be advantageous
for the final compressed bunch length.

The quantitative effect of the sextupole on the post-linac
Rs5¢ at the reference momentum can be measured as already
described, and is shown in Fig. 6. It is clear that the
sextupole is capable of changing the post-linac Rsq by
many centimeters in certain circumstances, if the beam is
not centered in the sextupole. The dipole strength needed to
center the beam in the sextupole (in which case there is no

250 .
£ 200 ; &
Py : .
é-l 0 : .
515 ' -
z | ok
; 100 sextupo}e} aligned e
g trajectory
< : +
& 50 l -
< ‘

0 L
0.1795 0.1800  0.1805 0.1810  0.1815 0.1820

dipole value (T)

FIG. 6. Change in Rsq from linac exit to arc exit (at the
reference momentum of 26.5 MeV/c¢) resulting from increasing
the strength of the first arc sextupole from zero to full strength, as
a function of the first arc dipole field strength. The points are the
data at the three dipole values used in the measurement, the black
dashed line is the line of best fit. The dipole strength for the
trajectory that passes through the center of the sextupole (in
which case there is no change in Rs¢ in response to changes in
sextupole strength) is indicated by the blue dashed line.
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change in Rs¢ in response to changes in sextupole strength)
can be found from interpolation of the data. If the arc
dipoles are not degaussed carefully and routinely, then a
beam-sextupole misalignment of several millimeters may
be possible. The measurement may be repeated with the
second dipole and second sextupole in the first arc to ensure
correct alignment and longitudinal transport properties of
the entire arc.

VI. CONCLUSIONS

The longitudinal transfer matrix elements in the bunch
compression section of the ALICE ERL-FEL have been
measured and compared against the theoretical design, for
various settings of the TBA arc (quadrupole and sextupole
strengths). The behavior of Rsg and 7’546 as functions of the
arc quadrupole strengths is close to that expected, con-
firming the flexibility of the first-order longitudinal trans-
port properties of the TBA arc (and the fixed properties of
the chicane). The effects of the sextupoles on Ts¢s and (for
beams passing off center in the sextupoles) Rsq have been
measured, and confirm the importance of proper beam
alignment for achieving well-understood control of the
longitudinal dynamics. This emphasizes the need for
appropriate diagnostics to enable the necessary alignment
to be achieved.

The measurements could be automated to provide rapid
online reconstruction of the longitudinal transfer map. This
would be useful in operational optimization of the FEL
performance, reducing the time needed to tune the FEL and
improving the stability over extended running periods.
Accurate knowledge of the values of Rsq and T'556 would
enable fine adjustment (by means of the arc quadrupole and
sextupole strengths) to the longitudinal transfer matrix
elements on an occasional basis; alternatively, by imple-
menting the results of such measurements in an appropriate
feedback system, more frequent corrections could be made.
The effectiveness of any correction would depend on
appropriate control of the transverse beam alignment in
the sextupoles.
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