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Abstract

Coherent synchrotron radiation (CSR) is of great interest
to those designing accelerators as drivers for free-electron
lasers (FEL s) and energy recovery linacs (ERLS). A grow-
ing body of experimental evidenceindicates the potentially
serious impact of CSR on beam quality as we attempt to
create high-brightness, high-current electron bunches us-
ing magnetic compression techniques. It is not an over-
statement to say that the success of FEL and ERL projects
could well depend on how well CSR is understood in the
design phase. Simulation codes typically show qualitative
or rough quantitative agreement with experiments, indicat-
ing that our understanding of the physicsis improving but
incomplete. For example, an unexpected microbunching
instability was recently discovered with the code elegant
and is now the subject of intense theoretical work. This pa-
per presents an overview of CSR issues, including recent
simulation results on the CSR instability. Experimental re-
sults and issues are also discussed.

1 INTRODUCTION

As we seek to decrease the wavelength of the radiation
from FELs, we require higher peak current and smaller
emittance. Among the challenges [1] facing us are pho-
toinjector issues such as space charge, cathode uniformity,
and laser performance. Such effects determine whether we
can produce a sufficiently high quality beam to begin with.
Downstream of the injector, many eaffects may ruin beam
quality, such as rf curvature, transverse and longitudinal
wakefields, beam transport nonlinearities, and CSR.

Recently, significant progress has been made in pho-
toinjectors (see, e.g., [2]), so the main obstacle to success
for short-wavelength FEL s may be beam-corrupting effects
downstream of the photoinjector. In this paper, we discuss
the most worrisome of these effects, namely, CSR.

CSR is of course emitted only when the beam path is
bent by a dipole magnet. One way to avoid CSR is thus
to eliminate dipole magnets. However, most proposals for
FEL drivers[3, 4] require one or more magnetic compres-
sors in order to achieve the required peak current. There
are dternatives to standard magnetic compression, such as
“emittance exchange”’ chicanes [5] and various velocity-
based concepts[6, 7, 8], but it is unclear that these are suf-
ficient for short x-ray FELs. Hence, the nature of CSR and
its impact on beam quality seems likely to have a critical
impact on the success of next-generation FELs, which will
almost certainly incorporate magnetic compressors.
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2 NATURE OF CSR

If an electron bunch traverses a dipole field, it will emit
radiation over a wide range of wavelengths. Obvioudly, at
wavelengths long compared to the bunch length, this radi-
ation will be coherent. The ratio of coherent to incoherent
power at awavelength A for a Gaussian bunch of N, elec-
trons with rms length o, is[9] C = N.e~3(*5¥)°. For
N, = 6.2 x 10° (1 nC), C ~ 16 for A = o, with rapid
growth as A becomes longer. Hence, it is highly desirable
to suppress radiation at wavelengths A > o, which can be
done with a metallic vacuum chamber [10].

Braun et al. [11] give the required full chamber height ¢
asg < 1.2(c2p) 3, where p isthe bending radius. However,
this specifies the chamber height that will just begin to at-
tenuate CSR at wavelength A\ = 27o,. At thiswavelength,
C =~ 4 x 10°, so we believe this is insufficient. Figure
6 in [10] shows that full shielding of CSR at wavelengths
above ), reguires g < 0.2(A2p)3. A conservative choice
iIsAs; = 0., sothat C issmall if shielding is not complete.

As the bunch length shrinks due to compression, the
chamber gap for shielding CSR becomes impractical. In
the last dipole of the first compressor in the Linac Coher-
ent Light Source (LCLS[1]), p = 2.5mando, = 190 um,
requiring g < 0.9 mm. Thelast dipole of the second LCLS
chicanewould need an even morechallengingg < 0.4 mm.

Photoinjector-generated beams typically are not Gaus-
sian, particularly when subjected to wakefields and bunch
compression. These beams may have or develop nonuni-
formities or spikes at much smaller length scales than o .
As an example, suppose that we choose g to shield accord-
ingto \s = o, but that 10% of our 1-nC beamisin aspike
of length Iy = 0,/10. Taking A ~ [, the coherent en-
hancement is ~ 107, with essentially no shielding. These
considerations show that shielding isadifficult prospect for
the kinds of beams required for x-ray FELS.

Of course, even incoherent synchrotron radiation (1SR)
affectsthe beam. Fluctuationsin energy loss (i.e., quantum
excitation) degrade beam quality, since different electrons
lose different amounts of energy in dipoles. CSR degrades
beam quality for the same reason. However, in the case
of CSR the variation in energy loss is not random but is
correlated with electron position within the bunch.

The reason that the effect of CSR depends on position
within the bunchis that each particlein the bunchis bathed
in radiation emitted by the particlesbehindit. Thishappens
even for highly relativistic particles because the electrons
travel on a curved path while the photons they emit travel
instraight lines. Thus, the photonscan catch up to electrons
in front of the emitting electron. For electrons separated by
adistance s, the radiation will catch up after the beam has
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traversed an angle ¢ (s) = (24s/p)3 [12].

The “overtaking length” L, = po.(0.) = (24p%0.)3
givesthetypical distance required for radiation to catch up.
If L, iscomparableto the bending magnet length L ;, then
one expects significant CSR effects on the beam. In the
fourth dipole of the first and second LCL S compressor, we
have, respectively, L,/L, = 1.5and L,/L, = 1.1.

Saldin and coworkers [12] have developed aline-charge
model that permits computation of the rate of CSR-induced
energy modulation, commonly referred to as the “CSR
wake” They give the following simple expression for the
CSR wake inside the dipole, as afunction of position in the
bunch s and angleinto the dipole ¢:

D) (500 4 To(s00).
where
T = K/ dz —)idz, 2
and
Ty = K(Ms —s2) = As — 4s0))/(s]). (3

Here, \(z) isthe linear charge density, sy, = (p¢?)/24 is
the slippage length, and K = —(2¢2)/(3p?)3. T isthe
dominant term and transitions into the steady-state result
in along dipole. T is an entrance transient that becomes
negligiblewhen sy, > o,.

Equations (1) through (3) are extremely convenient for
simulation in a tracking code [13]. The agorithm for us-
ing theseresultsin elegant [14] has been described previ-
ously [13], so we will not cover it here. The resultsin [12]
were extended by Stupakov [15] to cover CSR propagation
into the drift space following the dipole. Thiswasfirst im-
plemented by Emma [16] in a MATLAB-based code, and
later added to elegant. elegant originaly used lessrig-
orous drift implementations, which generally, but not al-
ways, agree with Stupakov’s method (see below).

In addition to their usefulness for simulation, significant
intuitive understanding of CSR effects can be gleaned from
these equations, including an understanding of the CSR mi-
crobunching instability [17]-[21].

3 CSRINSTABILITY

Inspection of equations (2) and (3) reveals that both
terms have a character similar to %. For s, < o, Ta(s)
is proportional to the derivative of xats—25x*sg. The
appearance of (s — z) = intheintegrand makes T'; similar
to the derivative of A near s. This derivative-like charac-
ter can be seen in Figure 1, where we show the CSR wake
for the steady-state case and Gaussian bunch. Note also
that the head of the bunch gains energy while the tail loses
energy. These observations lead to understanding of both
energy clumping and the CSR microbunching instability.

Imaginethat the beam entering a dipole has small region
where the current is higher than the surroundings. Draw-
ing on the discussion of the previous paragraph, we know
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Figure 1. Example of a steady-state CSR wake for a Gaus-
sian bunch.

that the particles ahead of this charge clump will be ac-
celerated, while those behind it will be decelerated. In-
side adipole, a particle that gains energy falls back, while
those that |ose energy move forward, relative to particles at
the reference energy. Hence, the combination of the CSR
wake and transport in a dipole results in accentuation of
the clump. This results in accentuation of the CSR wake,
which resultsin further accentuation of the clump. Clearly,
we have the potential for an instability in bunch compres-
sion systems, which was first seen in start-to-end simula-
tion of the LCLS by Borland [17, 18].

The explanation for the formation of large-scale energy
clumps[13], which are observed experimentally [22] andin
simulation [13, 23], is similar to that given above. Missing
from this earlier explanationis the fact that, within asingle
dipole, the CSR wake aways results in accentuation of a
density clump (in the absence of emittance and incoherent
energy spread). This is seen in Figure 3 of [24], which
shows instability growth in each dipole of achicane.

3.1 Instability Gain Curves

In [18], we found that the instability in the LCLS mani-
fested itself as a modulation in the final longitudinal phase
space with a wavelength of ~ 3 um. Extensive studies
showed that the instability was not a result of numerical
noise in the CSR simulation. Theory [21] shows that for a
perfect beam, the instability gain (the ratio of final to ini-
tia current modulation) becomesinfinite asthe modulation
wavelength goes to zero. It also shows that, in the pres-
ence of nonzero emittance and energy spread, and for mul-
tiple bunch compressors, a peak in the gain curve occurs
a nonzero wavelength, with roll-off in gain at very short
wavelengths. This is plausible as a partial explanation of
the appearance of a specific wavelength.

To explorethis, we used elegant to compute CSR gain
curves for a model chicane [24], with these parameters:
0.5-m-long rectangular dipoles with 2.77° bending angle;
5-m projected distance between first and second, and third
and fourth dipoles; 1-m projected distance between second
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and third dipoles. We assumed a 5-GeV, 6-kA beam with
no initial chirp (i.e., no compression).

We varied the wavelength \,,, of a beam current modu-
lation imposed on a flat-top current distribution of length
100\,,,, with 4-0 Gaussian ends having Gaussian parame-
ter o, = 10)\,,. These parameters were found to provide
a clean central region in the pulse where the effects of the
density modulation alone could be analyzed. Analysis of
the modulation used Laskar's method [25], after first re-
moving any gradual variation with a polynomial fit.

The flat-top density distribution was multiplied by the
function 1 + A,, cos(2ws/\.,,) to produce the modulated
distribution. The modulation amplitude A,,, was chosen
between 2% and 0.05%, depending on the gain, as a bal-
ance between avoiding saturation (A, too large) and con-
trolling noise (A,, too small). A quiet-start method based
on Halton sequences was used to sample this distribution.
The same method was used with a Gaussian distribution
to generate energy spread and transverse emittance. A bin
sizeof A, /20 was used in the CSR agorithm. Use of up to
20 million simulation particles was necessary for the small-
est modulation amplitudes to control noise.

Figure 2 shows gain curvesfor four cases along with the-
oretical results [21], where we assume steady-state CSR
and ignore CSR in the drift spaces in order to match the
assumptions of the theory. We see that in general the the-
ory agrees well with the simulations. In most cases, the
simulations predict about 20% less gain. In one case, the
simulations predict 50% less gain. This discrepancy is not
understood. We also see that in the practical cases with
energy spread and emittance, the gain curveis peaked, a-
though not dramatically so.

3.2 Originof LCLSInstability

An interesting observation is that the PARMELA-
generated longitudinal phase space used in the LCL S start-
to-end simulations [17, 18] shows a small ripple, which
may act as the seed for the instability. This ripple may be
due to numerical problemsin the PARMELA simulations
[26]. On the other hand, the simulation has other idealiza-
tions such as a perfectly-shaped laser pulse that may make
alarger error in the other direction.

To explore the importance of such ripple, we processed
the PARMELA-generated distribution for the LCL S pho-
toinjector to removethe ripplewhile preserving other prop-
erties of the beam. This involved heavy smoothing of the
original longitudinal density to produce adistribution func-
tion that was then sampled using a quiet-start technique.
The momentum coordinates were al so replaced, either with
a Gaussian random number or a quiet-start sequence. In
both cases, the variation in incoherent momentum spread
along the bunch was retained, in a heavily-smoothed fash-
ion that removed ripple effects. We further processed the
PARMELA-generated distribution to replace the transverse
phase space data with an idealized distribution having the
same glice emittance and beta functions as the original dis-
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Figure 2: Comparison of simulation and theory for model
chicane with various values of normalized emittance and
incoherent fractional momentum spread, with 6-kA beam
and no compression.

tribution, but none of the complex correlations with longi-
tudinal coordinates.
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Figure 3: Comparison of LCLS fina longitudinal cur-
rent profiles for various degrees of smoothing of the

PARMELA-generated distribution.

The longitudinal density after tracking through the
LCLS for the origina and three smoothed distributions
are shown in Figure 3. (All LCLS tracking results in-
clude wakefields, transport nonlinearities, incoherent SR,
and CSR.) If only the time distribution is smoothed, the in-
stability is significantly reduced. If the momentum distri-
bution is also smoothed, a nearly imperceptible change re-
sults. If the distribution is smoothed in al six dimensions,
however, there is no evidence of the instability. The insta-
bility is clearly seeded by the photoinjector simulations, but
not only by the longitudinal phase space. That the instabil-
ity is driven by noise seems likely, although it should be
remarked that the smoothing procedure removes many de-
tailed phase space correlations as well as noise. One clear
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conclusion is that the instability is not initiated by the cur-
rent spikes at the head and tail of the beam.

Emma [27] reports similar results when using Gaussian
input distributions. Theinstability is absent if particles are
generated using quiet-start techniques, but present if aran-
dom number generator is used. His conclusion, which our
study supports, isthat theinstability may not manifest itself
if the photoinjector generates a very quiet distribution.

We performed additional studies to explore how ripple
in the photoinjector beam due, say, to ripple in the laser
temporal profile, might drive the instability. We used the
6-d smoothed distributions and added longitudinal density
ripple of various wavelengths with an amplitude of 0.5%.
The results of these simulations are shown in Figure 4. We
see that the gain curve for the entire LCL S shows a pesk at
about 3 xm, which agreeswith the wavelength found in the
original simulations. The gain fals off rapidly below this,
due no doubt to emittance and energy spread effects [21].

This gain curve allows specifying the permissible modu-
lation of the photoinjector drive laser as afunction of mod-
ulation wavelength. One must scale the wavelength to re-
move the compression factor. Frequency analyses of the
final density distributions gives an effective compression
factor for the modulation wavel ength of about 0.036, com-
pared to an expected value of 0.026 from the ratio of final
to initial rms bunch length. Presumably this difference is
due to nonlinearities.
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Figure 4: LCLS start-to-end CSR instability gain curve as
afunction of final modulation wavelength.

4 CSR EXPERIMENTS

A number of publications have reported comparisons of
experiments and CSR codes [11, 28, 22], with agreement
ranging from reasonable to poor. Disagreements with ex-
periment may be due to the difficulty of knowing with suf-
ficient precision theinitial conditions of the beam entering
the bunch compressor, since the details of the phase space
distribution may dramatically change the CSR effects[29].
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Previous comparisons [11, 28] reported for elegant
have tended to show reasonable agreement with experi-
ments. However, the comparisons for the CTF |1 exper-
iments shown in [11] used the origina drift models in
elegant; when the Stupakov model is used, the agreement
is not good. Figure 5 illustrates this, showing simulation
and experimental data for the “unshielded” case (50-mm
chamber gap) with a 15-nC beam (these data are not shown
in[11]). For the CTF Il parameters, Stupakov’s result pre-
dictsamuch slower decrease in the wake in the drift spaces
following the dipole, which leads to enhanced effects.
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Figure 5. Comparison of CTF Il experiment [11] for 50-
mm chamber gap with TraFiC4 [30] and elegant results
for various drift models: GS is Stupakov model, OL is
overtaking-length model, S54 is“ Saldin 54” model [13].
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Figure 6: Typical energy spectrafor APS system at chicane
center and at post-chicane spectrometer for 200-pC beam.

Energy clumping, also called “phase space fragmenta-
tion” [23], has been observed at several facilities. Compar-
ison with TraFiC* [30] simulations for the TTF has shown
reasonabl e agreement with energy profiles, which provides
confirmation of the basic features of the CSR wake that
lead to the microbunching instability. Experiments at APS



Proceedings of LINAC 2002, Gyeongju, Korea

also see energy clumping. An example of typical experi-
mental observationsis shown in Figure 6, where we see the
energy spectra at the center of the chicane and on a post-
chicane spectrometer for several different phases of the pre-
chicane linac. Variation of the phase resultsin variation of
the chirp, and hence variation of final bunch length.

The degree to which simulations agree with experiments
at APS varies greatly among the few experiments we have
performed. We attribute some of the disagreement to the
difficulty we havein determining the incoming phase space
from the photoinjector. Without such data, quantitative
comparisons are dubious. To date, the only data for which
a good determination of longitudinal phase space was pos-
sibleisthat shownin [28]. Thisisaso the only experiment
for which reasonable agreement is seen with simulation.
Note that for the APS experiments, the different drift mod-
elsagreefairly well.

Recently Loos et al. [31] reported microbunching struc-
ture in the beam from the Source Development Labora-
tory’s bunch compressor. However, for the measured beam
parameters, CSR instability theory predicts only modest
growth. Looset al. list wakefieldsand laser temporal struc-
ture as other possible causes of the observed microbunch-
ing. At present thereis no direct experimental evidencefor
the microbunching instability in bunch compressors.

5 CONCLUSIONS

The effects of coherent synchrotron radiation in bunch
compressors may be critical for next-generation light
sources. It was recently found that CSR in bunch com-
pressors can amplify noise or initial modulations and hence
degrade beam quality significantly. Theory and simulation
show general agreement on this microbunching instability.
The instability might be seeded by effects like drive laser
time profile nonuniformity.

Experiments show some agreement with CSR simula-
tions in terms of prediction of phase-space fragmentation
and semiquantitative features. However, experiments are
fraught with difficulties that make precise comparisons dif-
ficult. Not the least of these difficulties is determining the
detailed phase space of the incoming beam.
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