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Transverse emittance preservation during bunch compression in the Fermi free electron laser
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A characterization of the transverse emittance of a 200 pC, 6 ps long electron bunch has been performed
in the Fermi@Elettra Free Electron Laser (FEL) first bunch compressor area. This region includes a
magnetic bunch length compressor, diagnostics, and quadrupole magnets. The beam is time compressed in

one stage, without linearization of the longitudinal phase space. Some growth of the normalized emittance

has been measured in the compressor area. To understand this effect, we have investigated mechanisms of
emittance growth such as coherent synchrotron radiation emission, chromatic aberration, and spurious
dispersion. We show that careful optics control inside the compressor is essential for emittance growth
reduction. The final configuration of one-stage magnetic compression limits the emittance to values below

the design goal of 2 mm mrad, up to a compression factor of about 5. This machine configuration has been
adopted to optimize FEL radiation output at wavelengths in the range 30-60 nm.
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L. INTRODUCTION

The Fermi@Elettra free electron laser (FEL) at the
Elettra Laboratory of Sincrotrone Trieste [1] is a major
European FEL project. With its high peak brilliance, ex-
treme ultraviolet to soft x-ray pulses, Fermi will become
the international user facility in Italy for scientific inves-
tigations of fast and high resolution processes in material
science and physical biosciences. Fermi is a single-pass,
S-band linac-based externally seeded FEL implementing
high gain harmonic generation [2-5] in the 100—4 nm
fundamental output wavelength range. The layout is shown
in Fig. 1. Table I lists the main machine and electron beam
parameters adopted during commissioning.

Commissioning of Fermi started in September 2009, the
first FEL output with seeded operation was produced in
December 2010, and first light was provided to users in
April 2011 [6]. Although the nominal configuration in-
cludes two stages of magnetic bunch length compression,
only the first one, called BC1, was installed at the time of
the measurements reported in this paper. BC1 is a movable
chicane that allows a continuously tunable bending angle
in the range 0—122 mrad. The maximum |Rs4| term pro-
vided by the system is 96 mm. The linear theoretical bunch
length compression factor is defined as C = 1/(1 + hRsg),
where h = dE/(Edz) is the linear energy chirp relative to
the reference energy. A short rf structure with the accel-
erating field at the fourth harmonic of the 3 GHz linac shall
be used to linearize the particle longitudinal phase space
during compression [7]. In the present operation, this
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structure is not yet installed and the compression linearity
is limited by the sinusoidal rf time curvature and the
chicane second order path-length dependence on the par-
ticle energy. For these reasons, the compressed electron
bunch current profile is characterized by a region at the
bunch head with several hundreds of amperes, followed by
a long tail with ~100 A at its end.

Although particle tracking simulations do not reveal any
critical emittance blowup in BC1 for compression factors
equal to or smaller than 10 [1], some growth of the
horizontal normalized emittance, €y ,, has been observed
during commissioning. In the following, we will always
refer to the normalized emittance, unless specified other-
wise. Because of the importance of preserving the trans-
verse emittance along the entire machine, a campaign of
projected emittance measurements has been carried out to
understand and recover the discrepancy between the model
predictions and the experimental results. In particular, the
impact of spurious dispersion, chromatic aberration, and
coherent synchrotron radiation (CSR) emission [8—12] has
been studied. We anticipate that a comparison of the
experimental results with theoretical and simulation pre-
dictions identifies two main sources of horizontal emit-
tance dilution: spurious dispersion at compression factors
smaller than ~5 (L1 S-band rf phase A¢ < 20° far from
crest) and CSR emission at larger compression factors
(A¢ = 20°). So far, we have been ignoring the effect of
geometric transverse wakefield on the projected emittance.
Detailed studies [13] show that the single bunch, head-tail
lateral displacement can be neglected in the early part of
the linac, under the assumption of a machine alignment
within the specifications [1,13].

Emittance studies during magnetic compression in the
presence of nonlinear longitudinal dynamics have already
been published [14-17], but only for lower energy
(<60 MeV), lower brightness (gy, > 6 mmmrad), and
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FIG. 1. Split layout of the Fermi FEL (conceptual, not to scale). The linac includes the injector, the laser heater (LH) area, different
types of accelerating structures—represented with different colors—accommodated in linac 1 (L1), linac 2 (L2), linac 3 (L3), and
linac 4 (L4), two magnetic chicanes for bunch length compression (BC1 and BC2), three optics matching area, the laser heater
spectrometer line (SPLH), the first compressor spectrometer line (SPBC1), and the diagnostic beam dump (DBD). A transfer line
brings the electron beam to the FEL1 or FEL2 undulator line (different undulator segments are represented by different colors),

followed by the main beam dump (MBD) line.

even higher charge beams (= 5 nC). Exhaustive studies as
in [7,8] deal with beam parameters close to those discussed
in this article, but they are focused on the CSR-induced
emittance growth in presence of a linearized longitudinal
phase space. An analysis of slice emittance dynamics in the
presence of a rwo-stage, nonlinear magnetic compression
can be found in [18], where a projected emittance of
approximately 8 mm mrad has been achieved. In this paper,
we addressed the problem of preserving the normalized
emittance during one-stage, nonlinear magnetic compres-
sion in a high brightness, linac-driven FEL facility. As a
result of our study, an alternative configuration of the one-
stage magnetic compression has been found that minimizes

TABLE I. Fermi electron beam and machine parameters for
one-stage compression in BC1.

Parameter Value Units
Charge 200 pC
Initial bunch length, FWHM 6 ps
Pulse shaping flat

Initial normalized emittance, rms 1.5-20 mmmrad
BC1 bending angle 85 mrad
BC1 Rsq —40.9 mm
L1 rf voltage, peak 250 MV
Mean energy at BC1, on-crest 350 MeV
Linear compression factor for A¢ = 25° 6.5

the projected emittance growth of a 200 pC beam to below
the design goal of 2 mm mrad, up to a compression factor
of about 5. This basic compression scheme has been
adopted for the seeded Fermi FEL lasing at output wave-
lengths in the range 30-60 nm [6].

The article is organized as follows. Section II describes
the BCI1 area layout and the method for projected emit-
tance measurement. Section III depicts the analytical and
simulation tools that have been used to predict emittance
growth in the presence of spurious dispersion, chromatic
aberration, and CSR emission. Section IV shows the mea-
surements of emittance as a function of the linac rf and
magnetic lattice setting. Section V summarizes our con-
clusions, followed by an Appendix about the reconstruc-
tion of the particle energy distribution during compression.

II. TOOLS FOR EMITTANCE
MEASUREMENT AND OPTICS CONTROL

Emittance measurements are routinely performed in the
BCl1 area via the quadrupole scan technique [18]. The
layout is sketched in Fig. 2.

The emittance measurement involves a scan over at least
9 different values of the quadrupole strength and 5 images
of the beam spot in the transverse plane per quadrupole
setting. The postprocessing of the images to determine the
beam size standard deviation is a critical step of the mea-
surement process [19]. A background signal, acquired with
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FIG. 2. Layout of the Fermi@Elettra BC1 area (conceptual, not to scale). The last quadrupole magnet of the group of 5 downstream
of BCI is used for the beam size scan and emittance measurement.

no electron beam at the screen (due to a closed photo-
injector laser shutter), is subtracted from each recorded
beam spot image. Different approaches to compute the
beam size standard deviation are available; i.e., we can
(i) compute the raw rms over the entire profile, (ii) compute
the raw rms of a 5% area-integrated projection cut [20],

|)C _ M|a+b~sign(x—pu)

(iii) fit the image projection with a Gaussian, (iv) with an
asymmetric Gaussian, or (v) with an ad hoc function
described here. This function is built on the basis of the
“Super Gaussian™ function described in [21] with the
addition of a fitting parameter to evaluate the asymmetry
of the profile:

1

Y=K-exp< ) with K =

g+ d-sign(x — u)

where w, a, b, g, and d are fitting parameters. When a = 2
and b = 0, the function is a Gaussian with asymmetric
standard deviation for the left and right tail. The imple-
mentation of such a function allows us to improve the
fitting of the projected beam size during the quadrupole
scan in case of strongly non-Gaussian profiles, particularly
with regards to drawn out tails. Usually, this results in a
computed beam size and emittance value higher than that
of a simple Gaussian fit. However, since the FEL perform-
ance relies on the optimization of the electron bunch core,
we use the Gaussian fit more often in the optics matching
procedure, while the ad hoc function is applied to measure
the emittance due to the entire particle ensemble.

The quadrupole scan diagnostic system uses either an
optical transition radiation (OTR) or a yttrium aluminum
garnet (YAG) target screen, on which the beam transverse
profile is projected. The resolution of the spot size mea-
surement is 20 um with the OTR, 30 um with the YAG.
Unfortunately, the OTR cannot be used for compression
factors larger than ~3 because contamination signals of
coherent OTR (most likely due to longitudinal micro-
bunching) start appearing, saturating the image and
seriously affecting the beam size measurement [22].

In the absence of such contamination, a beam size jitter
much smaller ( = 10%) than the diagnostic resolution is
typically measured. Error propagation as described in [19]
leads to an error of few percent on the central value of the
Twiss parameters and projected emittance. During some
measurements, we have observed even larger beam size
shot-to-shot jitter, leading to larger error bars. Although we
suspect some rf instabilities play a role, in the case of
measurements affected by large jitter we have decided to

(g + )V @DIT(1+ 1/a+b) — (g — )V DT+ 1/a—b)’

ey

adopt the largest beam size error for all points, in order to
present a conservative scenario of the measurement
accuracy.

The beam optics matching and transport is performed in
Fermi with the ELEGANT code [23], which obtains experi-
mental data via an interface to the Tango server [24]
through MATLAB [25] scripts. The procedure begins by
measuring the beam Twiss parameters at the entrance of
the quadrupole magnet that is used for the emittance scan.
Then, ELEGANT computes the quadrupole strengths re-
quired for matching the beam to the design optics. Via a
MATLAB/Tango script, these strengths are finally applied to
the machine. The betatron mismatch parameter [26] is

70 [ T T T T T T |- ﬁ*
000L  go | 1N j-_l | 1 ] fy
Ny
005 50| J n,
E o10lE 404 1
s < 30 ]
& a5l
20 | |
020L o i |
-0.25 [ 0
i 1 1 1 1 1 1 l-
0 10 20 30 40 50 60
s(m)

FIG. 3. Design optics from the LH to the BCI area (the
negative horizontal dispersion is inside BC1). The small upright
rectangles represent quadrupole magnets while squares are
dipole magnets.
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usually measured after the matching procedure and
confirms that the beam optics is normally well matched
after 2 or 3 iterations. Initially, we match the transport
optics from the exit of the photoinjector through the first
accelerating section LO to the so-called laser heater (LH)
area corresponding to the beam energy of 100 MeV. Then,
the beam is transported to the BC1 area with a mean energy
of 350 MeV when the next linac section L1 is run on-crest.
The design optics from the LH to the BC1 area is shown
in Fig. 3.

III. MODELING

In this section we consider the possible impact of a
spurious dispersion upon the projected emittance. We pre-
sume that the geometric and the chromatic contributions
add quadratically to obtain the effective beam size standard
deviation. Consequently, we compute the effective growth
of the emittance in the presence of particle chromatic
motion relative to the purely geometric case:

AS_(770'5)2
= B

We have adopted the following notation: o for the beam
size; oo for the energy spread; 8 and 7 for the betatron
and dispersion functions, respectively, in the same trans-
verse plane in which the geometric emittance, ¢, is defined.
For a situation with an unperturbed normalized emittance
equal to 1.5 mm mrad, relative energy spread of 1% rms (a
measurement of the energy spread during compression and
its comparison with the model is given in the Appendix) at
the mean energy of 330 MeV, horizontal betatron function
of 3 m, and spurious dispersion of 4 mm (this particular
choice is discussed in the next section), we expect a
relative emittance growth of 24%.

The effect of chromatic aberration induced by magnetic
focusing may be analytically computed as the determinant
of the beam matrix [27] affected by a quadrupole kick error
Ax' = kix6, where kl is the normalized quadrupole inte-
grated strength, x is the particle distance from the quadru-
pole center, and § is the relative energy deviation. We
consider a maximum normalized integrated strength kl =
0.5 m~! over the entire LH and the BC1 area. Assuming a
Gaussian particle distribution in the transverse phase
space, we have

o=y/eB+(nasP =4+ Ae)B= )

Ae %(,Bklaa)z =1% 3)

for 05 = 1% and 8 = 30 m in the horizontal plane.

The emittance growth due to CSR in the BC1 bending
magnets can be estimated in a similar way as in Eq. (2).
The kick Ax" is now proportional to the horizontal disper-
sion in BC1 and the CSR-induced energy deviation.
According to the Fermi commissioning parameters (see
Table 1), we see that for compression factors C = 6.5 the
bunch length, /,, is longer than the CSR slippage length

[11], s, = Rz—(f, where R and 6 are the BC1 bending radius
and angle, respectively. At the same time, the retarded
bending angle is y# > 1. Thus, according to [11], the
electron beam is in the so-called long bunch, long magnet
CSR regime for which the total CSR energy loss for a

longitudinally uniform charge distribution is

1 2
AEcsg = ——— ——[41In(y0) — 2], 4)
47T80 lb

where Q is the bunch charge. This formula neglects any
transverse variations in CSR loss (the “1D” limit). The
relative emittance growth predicted by the beam matrix
formalism for the beam parameters of Table I is then

Ae _1B

5 (00 5,csr) = 4%. (5)
& t]

The energy spread standard deviation, o5 csg, is a fraction
of the total energy loss in Eq. (4) and is estimated as
follows. According to [11], the average particle energy
loss for the aforementioned CSR regime is proportional
to the logarithmic term in Eq. (4) and to the local current
density; in our case the latter can be described by a ramp
(see later in this section). Accordingly, the CSR-induced
energy loss along the bunch can be described by a linear
energy chirp. We make the approximation that the particle
energy distribution associated to such a chirp is a uni-
form distribution, whose standard deviation is o5 csg =
VI2AEcgg. Our approach should be sufficient for a rough
estimate of the CSR effect on the emittance. However,
several other approximations are implicit in Eq. (5). It
assumes a CSR-induced perturbation kick Ax' =
n'oscsk given at the end of the last dipole magnet of
BCI1, where for a small bending angle (§ << 1) we have
1’ = 6. The design betatron function at this point is 6 m. It
neglects CSR effects along the first three dipole magnets of
the chicane as well as any local correlation between the
energy spread induced by CSR with the longitudinal bunch
coordinate and, moreover, how such a correlation might
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FIG. 4. Current profile after compression in BC1. C = 6.5 is
achieved with BC1 at 85 mrad bending angle, L1 rf phase at 25°
far from crest. ELEGANT simulation result including CSR and
LSC.
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TABLE II. Mechanisms of emittance growth and their theo-
retical strength.

Mechanism of
emittance growth

Ae/e

Spurious dispersion  24% o5 = 1%, n, =4 mm, 8, =3 m
Chromatic aberration 1% gs=1%, B, =30 m
CSR 4% g5 = 1%, C = 6.5

Notes

translate into projected emittance. To check the accuracy of
these assumptions, we benchmarked the prediction of
Eq. (5) with a 5 X 10% macroparticle tracking simulation
performed with ELEGANT. We will show in the next section
that ELEGANT predicts almost the same amount of emit-
tance growth. Figure 4 shows the ELEGANT-predicted cur-
rent profile after compression in BC1 by a factor 6.5. High
order transport matrices are used to take into account
optical aberrations, but neither geometric coupling nor
spurious dispersion is included. CSR and longitudinal
space charge (LSC) [28-30] are implemented as 1D im-
pedances [31]. Previous studies [32,33] indicate that the
1D CSR and LSC models are accurate enough to describe
the real particle dynamics in the Fermi linac. We summa-
rize in Table II the aforementioned sources of emittance
growth and their theoretical strengths.

IV. EXPERIMENTS

A. Emittance as a function of rf phase

When BCl1 is activated at the bending angle of 85 mrad,
the electron bunch length is compressed by moving the L1
rf phase away from the nominal crest phase of 90°. The
crest phase is determined empirically by the condition of
maximum beam energy, as measured in the spectrometer
line downstream of BC1 (see Fig. 2). The compression
factor reported in the following is computed analytically in
the linear approximation, but is based upon the real ma-
chine setup.

At first, in order to separate CSR effects from any other
chromatic mechanism of emittance degradation, we mea-
sured gy, as a function of the energy spread in the BC1
area, with BC1 at zero bending angle. Figure 5 shows that
ey, 18 approximately preserved for a large excursion of the
rf phase (JA¢| <20° from the crest) and, within this
range, in good agreement with the simulation. In another
set of measurements, we moved BC1 to 85 mrad bending
angle and determined &y, over a large range of L1 rf
phase. As shown in Fig. 6, the maximum emittance value,
expected at the point of full compression, is obtained at
approximately the same rf phase in the experimental mea-
surement (¢ = 119°) and in the numerical simulation
(¢ = 120°). During the measurement we found that the
initial emittance value is approximately recovered in over-
compression mode (¢ > 120°). We finally note that
for C =6.5 (¢ = 115°), ELEGANT predicts a relative
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FIG. 5. Comparison of the normalized horizontal emittance
measured and simulated as a function of the L1 rf phase. BC1
is set straight. The maximum beam energy is for 90°. A relative
emittance growth smaller than 1% is predicted by particle
tracking over the range of rf phases considered here.

emittance growth of 3% that is in good agreement with
the analytical estimation in Eq. (5).

However, the experimental and simulation data show a
discrepancy in Fig. 5 at large off-crest phases and in Fig. 6
as the point of maximum compression is approached. Our
explanation for these discrepancies is that: (i) chromatic
effects start diluting the emittance as we move approxi-
mately 20° off-crest in the linac; (ii) CSR dominates the
emittance growth as the bunch length approaches the point
of full compression. Chromatic effects in principle include
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FIG. 6. Comparison of the normalized horizontal emittance
measured and simulated as a function of the L1 rf phase. BC1
is set to 85 mrad bending angle. The maximum beam energy
occurs at phase 90° while bunch length compression happens for
¢ >90°. The ELEGANT simulations include both CSR and LSC.
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chromatic aberration and spurious dispersion. The former
is excluded a priori because, according to Eq. (3), B,
would need to be as large as 160 m in the BC1 area to
explain the discrepancy in Fig. 5. We have no evidences of
such a large optics mismatch in this area compared to the
design optics. Instead, the discrepancy can be easily ex-
plained by means of Eq. (2) if a spurious dispersion of
~4 mm accumulates by the BCI area. This level is a
reasonable expectation [34] and might occur, for example,
in the presence of bad trajectory steering and/or mishan-
dling of the beam position monitor offsets. To check this
possibility, the dispersion is going to be directly and sys-
tematically measured along the entire machine in next runs
of commissioning. At the same time, the unexpected CSR
effect can be explained in terms of beam optics mismatch
with respect to the design Twiss parameters. We will dis-
cuss this issue in more detail in the next section.

B. Emittance as a function of optics

We now explore the emittance sensitivity to the optics
across BC1 during compression. The strength of the quad-
rupole Q_L01.04, located just upstream of BC1, is system-
atically varied (see Fig. 7) with fixed C =6.5
(corresponding to ¢ = 115° in Fig. 6). The design optics
foresees k = 1.625 m 2. According to Eq. (5), the CSR-
induced relative emittance growth is proportional both to
the betatron function in the bending plane and to the square
of the CSR-induced energy spread (see also [35]). The
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FIG. 7. Comparison of measured and simulated normalized
horizontal emittance as a function of the strength k of the
quadrupole Q_L01.04 or, equivalently, of the expected B, in
the middle of the third dipole magnet of BC1. The design optics
foresees k = 1.625 m~2. Other relevant parameters include
C = 6.5 with BC1 at 85 mrad bending angle and L1 rf phase
at 25° far from crest. The ELEGANT simulation includes both

CSR and LSC effects.

latter is in turn inversely proportional to the bunch length
[11], which reaches its minimum by the third magnet of the
chicane. The global CSR effect is therefore dominated by
the energy spread induced in the second half of the chicane
and can be minimized by a small 8, in this region. So,
when the quadrupole strength is scanned, we expect a
region of k values associated with small 3, in which gy ,
reaches a minimum. Our expectations are supported by the
experimental and simulation results displayed in Fig. 7.
These results are apparently in contrast with those of
Refs. [36,37]. However, we notice that both these works
report a longitudinal charge density distribution that is at
least 10 times greater than ours, due to a bunch charge
exceeding 5 nC, over a comparable bunch length, with a
compression energy ~5 times smaller. Their bunch pa-
rameters lie in the so-called long magnet, short bunch
CSR regime, instead of the long bunch regime that applies
to Fermi. Thus, we argue that intrabunch space charge
forces are probably playing a much more important role
in those cases. Space charge forces are indeed expected to
blow up the emittance for decreasing beam size due to
increased charge density. Such an effect is observed in [37]
(e.g., their Fig. 8) where a similar interpretation is given.
Still relying on the validity of Eq. (5) for the Fermi case,
we have next verified (see Fig. 8) the underlying correct-
ness of the optics transport from the LH to the BC1 area, as
a function of the L1 rf phase ¢ or, equivalently, of C. In
fact, as ¢ changes, the focusing properties of L1 change as
well as the beam energy at each quadrupole location,
requiring that the quadrupole strengths be set to the design
value in order to keep the optics fixed. This procedure
becomes more important as the energy chirp increases to
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FIG. 8. Beam horizontal Twiss parameters (green circle
marker for B, red star marker for a,) measured as a function
of the compression factor. This is varied by keeping BC1 at the
fixed bending angle of 85 mrad and by varying the L1 rf phase.
Theoretically, C = 6.5 corresponds to A¢p = 25° from the crest.
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achieve a higher C (i.e., ¢ approaches the point of zero
crossing).

In spite of the agreement shown in Fig. 7 between
simulation and measurements around the nominal quadru-
pole setting, we observe experimentally larger emittance
excursions for k varying more than 20%. This suggests a
lack of control of the real beam Twiss parameters, con-
firmed by their variation in Fig. 8. Such an effective mis-
match could arise from unexpected focusing contributions
and/or slice optics mismatch. Slice optics mismatch could
also explain the small emittance oscillation observed for k
varying less than 20% of the nominal value (see the local
maximum in Fig. 7).

C. Emittance preservation

In order to reduce the emittance growth at moderate
compression factors and to improve the beam optics
control in BC1, we have adopted the following approach.
Relying on the measurements in Figs. 5 and 6, we assume
that for C = 5 (A¢ = 20°) the horizontal emittance be-
havior is dominated by CSR emission. In this case, we
focus our attention on the emittance dependence on the
optics inside the chicane. We have then compared the
emittance vs compression factor with three different trans-
port optics in the compressor: (a) the nominal design with
BCl set at the nominal angle of 85 mrad, (b) a new design
with smaller B, inside BC1 (8, nominally shrinks from 3
to I m in the third dipole of BCI and from 6 to 3 m in the
fourth one), and (c) nominal design but with BC1 set to

45
—&— BC1 at 85 mrad, "design" optics

—%—- BC1 at 85 mrad, "new" optics

35 — 8 — BC1at52mrad, "design optics"

251

Normalized Horizontal Emittance [mm mrad)
w

0 2 4 6 8 10 12
Linear Compression Factor

FIG. 9. Normalized horizontal emittance measured as a func-
tion of the linear compression factor, C. For each line, BC1 is
kept fixed while the L1 rf phase is moved far from crest to vary
C. The lines refer to: original design optics with BC1 at 85 mrad
bending angle (circle marker—solid red line); “new” optics
with BC1 at 85 mrad (circle marker—dashed black line); origi-
nal design optics with BC1 at 52 mrad (square marker—dashed
green line).
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FIG. 10. &y measured as a function of the compression factor,
which is varied by the L1 rf phase. BCI is at 85 mrad bending
angle.

52 mrad (Fig. 9). In the latter case a larger energy chirp
(1.5% instead of 1.0%) is provided by L1 to ensure the
same compression as in the 85 mrad case. At low com-
pression factors configurations (a) and (b) provide similar
results. As expected the advantage of a low horizontal B,
appears at high compression ratio, C = 10. The design (c),
in spite of the higher energy chirp, reduces the final emit-
tance from ey, = 3.8 mmmrad to &y, = 3.1 mmmrad.
These results demonstrate that a careful optics manipula-
tion inside the compressor is essential to minimizing the
CSR effect. In addition, the fact that a larger energy chirp
(c) does not degrade the final emittance is in agreement
with the given interpretation that other mechanisms of
emittance growth such as chromatic aberration and spuri-
ous dispersion, if present, are small with respect to those
due to CSR.

These considerations suggest that the actual beam
matching can be improved with Twiss parameters closer
to the design values. We carried out careful measurement
and matching of the Twiss parameters in the LH and BC1
area at each new value of C (or, equivalently, L1 rf phase),
in order to include in the matching the variations of the
optical properties of the linac and to be as close as possible
to the desired nominal values, especially inside BC1. At the
same time, we adopted the optics design (b) with smaller 3,
in the second half of BC1. Doing this, we have been able to
keep ey, below 1.7 mmmrad up to C = 5.2, as shown in
Fig. 10 with a small dependence of the Twiss parameters on
the compression factor, as shown in Fig. 11.

V. CONCLUSIONS

The horizontal emittance degradation of a 200 pC, 6 ps
duration electron beam has been investigated in the BC1
area of Fermi@Elettra FEL during one-stage, nonlinear
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FIG. 11. Beam horizontal Twiss parameters (red circle marker
for «,, black star marker for 8,) measured as a function of the
compression factor. This is varied by keeping BC1 at the fixed
bending angle of 85 mrad and by varying the L1 rf phase.

bunch length compression. Theoretical models, particle
tracking, and numerous experiments have been presented,
employing many different conditions of magnetic bunch
length compression. Emittance values higher than those
predicted by theory have been measured for large, off-crest
rf phasing at the beginning of commissioning. This dis-
crepancy cannot be completely explained by chromatic
aberration, which is excluded by analytical considerations
that predict an emittance blowup 1 order of magnitude
smaller than that observed experimentally. Instead, we
offer an alternative explanation that a spurious dispersion
of a few mm generates ~25% emittance increase when the
relative energy spread is o5 = 1.0%.

Bunch length compression studies have been performed
with the one-stage configuration but without linearization
of the longitudinal phase space. CSR emission seems to
dominate the emittance growth when C > 5. These results
suggested means to minimize horizontal emittance degra-
dation during compression in BC1. The adoption of optics
with smaller B, in the second half of BCI, as well as a
smaller bending angle in BC1 and a larger energy chirp,
diminishes the emittance growth for the same compression
factor. The best control of the emittance growth has finally
been achieved by tuning the beam optics for each individ-
ual value of the compression factor. The injector emittance
has been preserved for values of C up to 5.2 and the final
emittance is smaller than 1.7 mmmrad. This machine
configuration has been adopted to optimize Fermi FEL
radiation output at wavelengths in the range 30—-60 nm.
Building upon these results, our next steps to improve the
Fermi electron beam quality will include detailed inves-
tigations of the spurious dispersion, slice optics, and trans-
verse wakefield effects.
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APPENDIX A: RECONSTRUCTION OF THE
ENERGY DISTRIBUTION

The particle energy distribution during compression has
been reconstructed experimentally by using a horizontal
scraper in the middle of BC1. This technique has been
adopted instead of the more common (and typically eas-
ier!) measurement of the beam size in a spectrometer line.
In fact, during compression, the ~1-m dispersion at the
screen in the spectrometer line couples to ~1% energy
spread, resulting in a beam size larger than the screen
target.

A horizontal scraper, installed in the middle of BC1, is
moved to gradually cut longitudinal portions of the bunch.
The scraper is made of two, independently movable cylin-
drical rods of copper. With a thickness of 13 mm, they
absorb most of the charge intercepted with negligible
scattering [38]. The dispersive path in BCI transforms
the particle energy-longitudinal position correlation,
(E, z), into a correlation in the spatial coordinates, (z, x).
From the operational point of view, L1 is run off-crest by
25° and BCl1 is set to 85 mrad bending angle, resulting in

18 T T T T T

—¥— measurement
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FIG. 12. Charge downstream of BC1 during compression
(C = 6.5) vs horizontal scraper position. Two blades of the
scraper select an open window of 1 mm. The horizontal particle
distribution in the middle of BCI reflects the particle energy
distribution.
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C = 6.5. The horizontal dispersion in the middle of BC1 is
255 mm. First, the particle energy distribution in the
middle of BC1 is mapped by selecting | mm open window
between the left and the right blade, where the beam
horizontal extension is approximately 12 mm. The total
charge transmitted after beam scraping is detected at a
charge monitor downstream of BC1.

Figure 12 shows the charge measured downstream of
BCI1 versus the central position of the scraper. Assuming
that the charge distribution reflects the particle energy
distribution, we find that the FWHM relative energy spread
is 4.5% = 0.1%; the rms energy spread is 0.9% = 0.1%, in
excellent agreement with the simulation result. The charge
measurement has an error of about *£5 pC. The energy
spread uncertainty is dominated by the energy acceptance
of the scraper window.
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