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Abstract

In this paper we give an overview of existing mitigation
schemes of coherent synchrotron radiation (CSR) effects,
.including compensation of CSR-induced emittance growth
'z and suppression of CSR microbunching instabilities in multi-
< bend beam transport or recirculation arcs. We provide a set
S of sufficient conditions for suppression of CSR-induced mi-
= crobunching instability along transport or recirculation arcs.
£ The example lattices include two comparative 1.3 GeV high-
E=| energy recirculation arcs.

Our studies show that lattices satisfying the proposed
§ conditions indeed have microbunching amplification gain
m suppressed. Beam current dependencies of maximal CSR
ﬁ = microbunching gains are also demonstrated, which should

help outline a beamline design for different scales of nominal
£ currents. We expect this analysis can shed light on future lat-
¢ tice design approach which aims to control the CSR-induced
g microbunching.
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INTRODUCTION

Coherent synchrotron radiation (CSR) has been rec-
= ognized as one of the most challenging issues for high-
.Z brightness beam transport system and recirculation machine
designs, in which the beam phase-space quality is always
aimed to preserve as well as possible before the beam ful-
* fills its scientific mission or is transported to a subsequent
N beamline complex. CSR can be generated from electron
vcoherent radiation emission inside a bend at a wavelength
g range comparable to the bunch length scale or to the order
E of the density fluctuations atop.

The radiation reaction can have effects on both transverse
> and longitudinal planes. In the transverse plane, because of
o the dispersive nature of a bending system, the energy change
 due to CSR can be correlated to the transverse coordinates (x
f or x’) through the dispersion functions (R;¢ or Rys). Since
o the energy change varies for different bunch slices, such
& energy variation within a whole beam can potentially dilute
o the projected transverse emittance. In the longitudinal plane,
5 initial small density modulations can be converted into en-
E ergy modulations due to the tail-head collective interaction.
= .

2 Then the energy modulations can be transformed back to
Z density counterparts downstream in dispersive regions via
£ momentum compaction (Rsg).

The density-energy conversion, if forming a positive feed-
~ back in a multibend system, can result in the enhancement
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of modulation amplitudes. This has been known as the CSR-
induced microbunching instability (MBI) [1-3].

OVERVIEW OF EXISTING
MITIGATION SCHEMES

Transverse Domain

Various mitigation schemes have been proposed to mini-
mize or cancel the CSR-induced emittance growth. For ex-
ample, Hajima [4] used the beam envelope matching method
by characterizing the transverse phase-space ellipse tilt due
to CSR. This method concludes that with proper arrange-
ment of lattice optics in a unit cell along the major axis of
the transverse beam phase space ellipse, the beam emittance
growth due to steady-state CSR can be minimized. Figure 1
illustrates the concept. Jing ef al. [5] studied a similar con-
cept for ERL-based FEL in eRHIC. Douglas [6-9] and Di
Mitri et al. [10] employed the cell-to-cell phase matching to
compensate or cancel the CSR kicks.

The strategy is schematically illustrated in Fig. 2. With
dedicated beamline design, this approach can achieve the
cancellation of CSR-induced emittance growth. Jiao et
al. [11] extended the above two methods to give generic
conditions for suppression of the CSR-induced emittance
growth in a two-dipole achromat unit. Di Mitri and Cornac-
chia [12] also extended their previous analysis [10] to the
case of compressor arcs. Other specialized idea to manipu-
late the beam conditions can be found in Ref. [14].

Figure 1: Illustration of CSR-induced transverse phase space
dilution. In the left figure the emittance growth due to CSR-
kick is larger than the right figure because of the difference
of phase space orientation (or tilt angle ¢).

The general discussion of transverse emittance preserva-
tion due to CSR was made by Emma, Brinkmann [15] and re-
cently elaborated by Venturini [16,17]. The condition of min-
imizing (or vanishing) the beam emittance can be formulated

to be /g(s)Rs_)Sf (s)ds = 0and /g(s)Rs_)Sf (s)ds = 0,

where the definitions of s, s;, s¢ are shown in Fig. 3 and
g(s) = («x/ p(s))z/ 3 inside a dipole and 0 elsewhere (x is a
constant).

Assuming the same dipole radius in a specific unit cell,

S1—S8 S —8
the condition can be re-written as R I = —Rlé 7 and
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Figure 2: Illustration of cell-to-cell phase matching to cancel
the CSR kick (left) and a four-dipole transport line (right).
n and 7 are dispersion and its derivative due to CSR kick.
The CSR kick causes a shift (of reference particle) in the
(normalized) transverse phase space. The design optics gives
a betatron phase advance of r in the bending plane between
two consecutive dipoles. It corresponds to a clockwise 7
rotation. Picture from Ref. [13].

Figure 3: Conceptual illustration of CSR-induced energy
kicks generated from s and s, and eventually cancelled at
Sf. Here 51 € S1,52 € 85, 51 < s2,and S; U Sy = [Si, Sf].

S1—S8F Sr—S5F . .
Ry ' =-R, "/, wheres ands, are assigned as shown in

Fig. 3. The analysis concludes that the above conditions lead
to the two sub-cases: R3\ ™ = —Tor uy o = morR3 % =
T or uy—» = 27 between the dipoles in a cell, where yu is
the betatron phase advance and Ry is the standard two-by-
two (x, x”) transfer matrix. The two explicit conditions may
explain why many low-emittance beamline lattices employ
n or 21 phase difference between neighboring cell units or
superperiods. Below we will see that this condition becomes

more stringent for CSR microbunching suppression.

Longitudinal Domain

It is typical to quantified MBI by the amplification gain
G(k), defined as b(k; sy) = G(k) - b(k; so), where b is the
bunching factor. The mitigation of MBI can be undertaken
from either keeping b(k; sop) small or the suppression of
amplification mechanism [i.e., keeping max G(k) small].
The former depends on the manipulation of bunch current
distribution at some particular locations, e.g., mostly at the
upstream electron gun system. As for the latter, it can usually
be related to dedicated beamline designs and is the primary
interest of this paper.

Without going into details of the microbunching analysis,
here we only summarize the results. The resultant equation
that governs the evolution of the bunching factor along a
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beamline can be written in the following integral equation

b(k;s) = bo(k;s) +i / ds'AK(s,s")b(k;s"y, (1)
0

where s’ denotes the location where CSR emission may
occur and s denotes the location where the beam bunch re-
ceives the CSR energy kick. The bunching factors b(k; s)
and bg(k; s) are defined as the Fourier transformation of
the longitudinal z coordinate for perturbed and unperturbed
phase space density modulation, respectively. The coefhi-
cient A characterizes the beam current and energy depen-
dence A = I, /yl4, where v is the relativistic factor, I,
is the instantaneous beam current (depends on path length
when bunch length varies), and 14 is the Alfven current. The
kernel function in Eq. (1) is particularly expressed as

K(s,s') = k(s)Rgg_’S ZEsrks sV {L.D.;s, 5"y (2)
where, of our primary interest, only the one-dimensional
steady-state free-space CSR impedance (per unit
length) is considered; that is, Zx (k(s);s) =
(1.63 + 0.947) (k(s)3/|p(s)*/?) [18], where k = 27/ is
the spatial wavenumber (with A the modulation wavelength),
p is the bending radius of a dipole, the transport matrix

'—s _ — 8 s\ "1
[RY]5 = [R5 (R7)7']_ and
the Landau damping (phase smearing) term {L.D.; s, s’} =

s'—os
elements R =

_kzex() X 2
0—[30 |:R51(S, Sl) — %Rsz(S, SI):|
expl Ao G
k(z)fx() 2 ’ (%O—(%O 2 ’
> R3,(s,58") — 2 R5(s,57)

with kg = k(s = 0). & is the horizontal geometric emit-
tance, ayo and By are the initial Twiss parameters, and
Ts0 is the rms uncorrelated relative energy spread assum-
ing Gaussian energy distribution. Rs;(s, s”) = C(s)Rs;(s) —
C(s")Rsi(s’) , where i = 1,2,6, and C(s) = [1 — hRse(s)] ™
is the bunch compression factor, and # is the initial chirp
of the beam (assuming z > O for the bunch head). Here we
note that the above expressions are applicable to combined-
function dipoles.

The strategy of the beamline designs for mitigation of
CSR microbunching becomes clear now and can be further
categorized into two types:

(i) make the relative momentum compaction function Rg’;s
as small as possible throughout the beamline;

(ii) enhance the Landau damping through the exponent term
of {L.D.;s,s"}.

Regarding (ii), laser heating [19, 20] has been commonly
employed in linac-based FEL facilities to effectively sup-
press MBI. The basic idea is to use a laser beam to interact
with electrons in a short undulator to induce an additional
energy spread in order to enhance the Landau damping (or
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A
E phase smearing). In addition to the laser heating technique,
E:the electron-magnetic-phase mixing was also proposed [21].
Z The magnetically mixing chicane is utilized to smoothen
%the bunch current and energy distribution by forcing the
2 electrons smear (or, slip) in the longitudinal phase space. It
£ has been experimentally demonstrated that MBI using this
£ technique can be reduced by an order of magnitude [21].
% Other specialized beamline designs to mitigate the MBI
= have also been proposed. For example, by adding a set of
,;;transverse deflecting RF cavities upstream and downstream
5 of a bunch compressor can increase an additional Landau
£ damping and thus effectively suppress the MBI [22]. The
5 additional energy spread is introduced in the first RF cavity,
> Which is used to suppress the microbunching instability, and
g then the induced energy spread is eliminated in the second
§ RF cavity. In Ref. [23], Qiang et al. proposed an inexpensive
‘Z scheme to suppress MBI in a linac-based x-ray FEL light
§ source by inserting a pair of bending magnets in the acceler-
é ator transport system. This setup can induce the longitudinal
‘S mixing associated with the transverse spread of the beam,
< i.e., increasing the Landau damping term via Eq. (3).
E’ Pursuing the other path, we have recently demonstrated
‘6 a set of recirculation arc lattices specifically for control of
3 CSR and microbunching effects during transport of high
4: brightness electron beams [7,9]. The basic idea behind the
S design strategy is based on (i), to make the recirculation arc
§ achromatic and locally isochronous. The local isochronicity
2 insures that the bunch length be kept the same at phase
Z homologous CSR emission sites. The local isochronicity
2 can result in small relative momentum compaction function
é throughout the beamline.

g OPTICS CONDITIONS FOR CSR

@  MICROBUNCHING SUPPRESSION

%) Let us introduce a parameter, which we will use to char-
-2 acterize the CSR effect in a beamline lattice [25]

(e}

gl L k1/3

E & = |max {R‘S‘;’“} o AL’ 4
@)

O

£where AL is the effective distance of CSR interaction. It
1s evaluated to be the length between repetitive patterns of
g largest |RS —s | in a beamline design, because they usually
8 characterize the most contributed CSR microbunching gain
2 development [24]. In case there is not a clear repetitive
o structure in |RY HY| usually in arc compressors, the effective
2 distance can be estimated as the width of the largest |Rs _’S|
2 block.
It has been found that &, together with the concept of
zmultistage CSR amplification [24], can be used to quantify
£ the lattice impact of CSR microbunching. Note that & is
¢ independent of beam properties. The dependence of beam
« parameters goes in A and Landau damping term through Eq.
= (3). In the subsequent discussion of this section regarding
£ conditions of suppression of CSR-induced microbunching
E gain, we have excluded the effect of Landau damping; we
g only aim to reach small \RS H5| of beamline optics, thus
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small £, in order to eventually have small kernel function K.
However, when demonstrating example lattices in the next
section, we include all relevant beam dynamics in the calcu-
lation of CSR microbunching for thorough consideration.

B s, s, B,

% (sequence of linear elements)

L, Ly

Figure 4: Illustration of a two-dipole system. The in-between
section can be a general transport section. (see context for
definition of notations).

Below we consider a generic transport line as shown in
Fig. 4. We want to formulate in terms of typical Twiss
parameters the relative momentum compaction function
R‘;‘G_“Z, where inside the two dipoles, s and s, are mea-
sured from entrances of their corresponding dipoles. We
then assume the bend-plane of the beamline lattice lies in
(x, 7). The four-by-four linear transport matrix from the CSR
emission site (s) to receiving site (s3) can be obtained by

Rl = R22LoRSI22RO=S1 e
—Sl)
P1 ’
(5

where the transport matrix for a sector dipole can be easily
expressed and that for the total transport section can be gen-
erally parameterized by Twiss parameters with a1, @y, 81,
and B, are assigned in Fig. 4. The relative momentum
compaction function R“_"2 can then be analytically ob-
tained [25]. By examlmng the parametric dependencies of
R, * on Twiss parameters a, 3 and the betatron phase dif-
ference y»1, we conclude that, to reach small RS 1752 small
B function (within dipoles) is preferred while the choice of
a function (within dipoles) does not affect too much, but
should avoid smallness, the resultant R§‘6_”2. Furthermore,
it is found that Y1 ~ m (or its integer multiples) can lead
to minimal R, **. These optics conditions are found to be
valid in a broad range of practical beam and lattice parame-
ters.

The small \R?ﬁ?2| (and hence small K) will eventually
bring about effective CSR microbunching suppression. Here
we note that, although there is not a stability margin for
‘Rs' _“2\ (or K) in an absolute sense to have effective CSR
gain suppression, since the collective interaction is inten-
sity dependent (through A), our proposed optics conditions
shall minimize the CSR-induced microbunching gain for
any given beam current level. We also emphasize that these
conditions are sufficient; other schemes of making small
K are not excluded, e.g., Refs. [21-23] through enhancing
Landau damping.

RS1—%2 :Rdipole (9: _ Ly -5

)Rtotal Rdipo]e (6‘ —
P2

RECIRCULATION ARC EXAMPLES

To examine the proposed optics conditions for suppression
of CSR microbunching, in this section we illustrate the two
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comparative high-energy recirculation arcs. For more com-
plete analysis we refer the interest reader to the published
paper [25] for low-energy (~100 MeV) recirculation arcs
and the mid-energy (~0.75 GeV) arc compressor designs.

High-Energy Recirculation Arcs

The first set of comparative examples involves two 1.3-
GeV high-energy recirculation arcs (hereafter named HERA
v1 and v2 lattices). Figure 5 shows the Twiss functions and
momentum compaction functions of the two arcs. Although
both lattices have the same geometric layout, they exhibit dis-
tinct optical behaviors through properly tuning quadrupole
focusing strengths. HERA v1 is a 180-deg arc with large mo-
mentum compaction. Moreover, it is a second-order achro-
mat and globally isochronous with a large dispersion mod-
ulation across the entire arc [see Figs. 5(a) and 5(c)]. By
contrast, HERA v2 is also a 180-deg arc with however small
momentum compaction. This arc is also a second-order
achromat but is designed to be a locally isochronous lattice
within superperiods. Such local isochronicity ensures that
the bunch length be kept the same at phase homologous
CSR emission sites [see Figs. 5(b) and 5(d)]. Notably, it is
shown in Figs. 5(c) and 5(d) that the momentum compaction
function Rse(s) for HERA v2 is considerably smaller in am-
plitude compared with that for HEAR v1 by at least 2 orders
of magnitude due to local isochronicity.

8 12 1.5
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) b5 5% g
£ 40 2o £ 60 0.5 B
c o
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Figure 5: Twiss functions and Rse(s) for HERA v1 (a,c) and
v2 (b,d).

For both examples, the (peak) beam current is chosen
to be 65 A, the transverse normalized emittances are as-
sumed 0.3 um, and the uncorrelated energy spread is as-
sumed 1.23 x 107>. These beam parameters are typical for
next-generation light source facilities based on recircula-
tion or ERL machines. Figure 6 shows the CSR-induced
microbunching gain spectra for HERA v1 and v2 arcs, re-
spectively. They were calculated with our developed semi-
analytical Vlasov solver [26]. A dramatic difference of CSR
gain between the two examples is clearly indicated. To val-
idate the Vlasov results, we benchmark the two example
lattices by using elegant [27], with which extensive con-
vergence studies were performed [28]. Both our Vlasov
solution and elegant tracking show excellent agreement in
microbunching gain estimation.
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Figure 6: CSR microbunching gain spectrum for HERA v1
(left) and v2 (right). The dots are taken from particle tracking
simulation by elegant. For HERA vl, the initial density
modulation is set 0.05% for steady-state case; 0.06% for
steady-state and entrance-transient case; 0.01-0.04% for all
relevant CSR effects including entrance, exit transients and
steady-state CSR. With larger gain, to keep the microbunch-
ing process remaining in the linear regime, it is required the
initial modulation amplitude be smaller (see also comments
in the context). For HERA v2, the initial modulation ampli-
tude is set 0.8% and the same number of macroparticles as
HERA v1 is used. For HERA v2, the apparent difference
between Vlasov solutions and elegant tracking is actually
small; note the vertical scale in small numerics.

150

Now let us examine our proposed conditions for the two
example arcs. Figure 7 (a) and (b) compares Twiss a func-
tions at dipole locations and betatron phase differences ¥,
between near-neighbor dipoles. As mentioned, moderate «
function [Fig. 7(b)] is usually not a bad choice to produce
small relative momentum compaction. The phase differ-
ences between near-neighbor dipoles for the two examples
are illustrated in Fig. 7 (c) and (d), respectively. HERA v2
with ~0 or ~ & phase difference between adjacent dipoles
indeed satisfies our proposed condition that smaller relative
momentum compaction can be achieved when | ~ 7 (or
its integer multiples). In contrast, HERA v1 with scattering
from 0 to /2 does not meet our proposed condition of phase
difference. At dipoles, 5; < 10 m for the two examples are

comparable (not shown here). It turns out that the maximal -

magnitude of R;;"S for HERA vl is four times larger than
that of HERA v2. It is this difference in R;;_’S that makes
the distinct CSR microbunching development.

To further evaluate the performance of the lattice de-
signs, for each dipole pair as a two-dipole module, we
vary the nominal values of Twiss functions in a range
and see where the design value of the momentum com-
paction Rglé_’s (ax0, Bx0, ¥21) locates in the parameter space
(@, B,¥21), where @ € (0.1axo, 10axo), B € (0.18x0, 108x0),
and ¥, € (0,27). Then we consider a pair to be dan-
gerous once the nominal R;'G_’Sz (ax0, B0, ¥21) is larger
than 80% of maximum value in the parameter space
max {Rggﬁsz (o, B.¥21)}. Having examined all possible
pairs of the two-dipole modules for HERA v1, we found
27 pairs (among a total of 276 combinations) are indicated
as dangerous pairs and 12 of them are from near-neighbor
dipoles. For HERA v2, all the near-neighbor pairs are eval-
uated to be safe.

The parameters A and & can be used to scale the maximal
gain for comparative lattices. It is found that ¢ for HERA
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n attribu

£ v1 is about 6.4 times larger than that of HERA v2 [25]. We
= see in Fig. 8 that indeed this multiplicative factor can reflect
E the scaling of bunch current for the maximal gains. This
é scaling can be used as a guideline of setting the order of
_z magnitude of the maximal relative momentum compaction
3 function RS —¢ (via K) for specified design goals. Assume
£ we have already known the performance of HERA v2 and
% had no a priori detailed study of CSR microbunching about
§ HERA v1.

Now we want to estimate under what level of beam current
£ can the beam be transported through HERA v1 with little
ECSR microbunching effect. Provided HERA vl lattice is
£ given, £ can be determined and compared with that of HREA
£ V2. We then expect that a circulating beam with peak current
S six times smaller than that of nominal one of HERA v2, i.e.,
8 ~10A or six-times smaller A, should not be subject to CSR
B/microbunching instability. This is immediately confirmed
& in the figure.

aintai
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8 Figure 8: Dependence of maximal CSR gains of HERA v1
2 (left) and v2 (right) on initial (peak) bunch current.

= g P

)

E

z As described, HERA v2 satisfies all requirements of CSR
z suppression, and is therefore expected to preserve the beam

2 phase space qualities. For reference, the resultant CSR-
zinduced emittance growths and microbunching gains for the
E two Examples are shown in Fig. 9, from which one can see
8 the transverse beam emittance at the exit of the arc is well
= preserved in HERA v2 while features four times increase
= for 500 pC in HERA v1.

£ To end this section, it may deserve here to comment on
= the relation between the study in Ref. [24] and the present
%‘) analysis to suppress CSR-induced MBI. Here we quantified
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Figure 9: Evolution of the transverse normalized emittances
for HERA v1 (left) and HERA v2 (right) lattices.

the lattice performance to CSR microbunching effect by the
dimensionless parameter £. From the multistage CSR analy-
sis [24], it can be seen that the final gain (up to M-th stage)

‘G(M)‘ A§A {L.D.;s,s’}]™. For the presented exam-

ples, AL = 40 m for HERA vl and AL ~ 20 m for HERA v2
arcs. Here the proposed conditions aim to make & as small
as possible, lead to smallness of kernel function K, and thus
small microbunching gain in general. The two differences,
however, should be highlighted here: (i) the quantity & does
not take Landau damping into account. That is, the pro-
posed conditions are sufficient and not exclusive, and (ii)
the present analysis only accounts for m = 1 case from the
viewpoint of multistage CSR analysis [24]. It should be
straightforward that a first-iterative beamline design, as well
as the first-stage CSR microbunching amplification, may
start from the lowest order and later deal with higher order
effects.

SUMMARY AND CONCLUSION

In this paper we have given an overview of various mit-
igation schemes of CSR-induced effects, including com-
pensation of CSR-induced emittance growth in the trans-
verse domain and suppression of microbunching instability
in the longitudinal dimension. We proposed and verified
the validity of sufficient conditions for effective suppression
of CSR-induced microbunching gains in recirculation arcs.
The conditions of preferring small 8 functions, avoiding
vanishingly small & functions within dipoles, and of keeping
Y1 =~ mm, with m to be an integer, in consecutive two-dipole
modules, aim for minimizing & (hence K) through the rela-
tive momentum compaction function R;lﬁ_’s in a beamline
design. Those conditions apply to both periodic and non-
periodic magnetic lattices, from low to high energy regimes,
and for constant as well as varying bunch length along a
beamline [25].

In the most general case of non-achromatic and non-
isochronous beamline, the constraint of betatron phase dif-
ference can be weakened (or values slightly deviated from
mm may be preferred [25]), depending on the specific lattice
design. In that sense, extracting RS —% from Eq. (5) can be
used to examine or optimize a beamhne design when CSR
microbunching becomes a concern.

Since the CSR-induced instability is intensity dependent,
our proposed conditions can minimize the CSR-induced
microbunching for any given electron bunch current. The
set of comparative example lattices can prove useful for
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beamline designs at difference energies or bunch currents
through the scaling parameter . We have thus investigated
the scaling of beam current for maximum CSR gains, and it
can serve as a guideline of setting the maximal magnitude
of the relative momentum compaction to be designed for
similar purposes at different level of bunch currents or beam
energies.
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