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Coherent	synchrotron	radia4on	(CSR)	

•  When	a	source	par1cle	enters	a	dipole,	it	emits	radia1on	
•  Retarda1on	condi1on	must	be	met		
						for	test	par1cle	receiving	radia1on	within	dipoles	
•  Longitudinal	field	ac1ng	on	the	head	par1cle	
						from	rigid	line	bunch:	
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CSR	effects	on	the	beam	
•  Transverse:	Phase	space	smearing	è	Emi2ance	Growth	

	
	
	
	
•  Longitudinal:	Microbunching	Instability	(MBI)	

•  An)iniGal)density)modulaGon)can)induce)energy)modulaGon)due)to)the)
presence)of)(high&frequency))impedance)Z(k),)e.g.)LSC)or)CSR.)

•  Such)energy)modulaGon)can)then)convert)to)further)density)modulaGon)via)
the)momentum#compac:on#R56)downstream)and)possibly)induce)emiMance)
growth)in)the)dispersive)region.)

•  The)above)process)can)accumulate)over)and)over)along)the)beamline,)resulGng)
in)possible)density)enhancement,)called)microbunching#instability.)

Z.)Huang)and)J.)Wu,)Beam)Dynamics)NewsleMer,)No.)38)
10)

G(s) ≡ gk (s)
gk
(0)(s = 0)

= 10%
1%

= 10

Mechanism&of&microbunching&instability)(MBI))

CAS)seminar,)11/19/15) WEYGBE1	
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wakes engender transverse coordinate and angular dis-
placements via nonzero R16ðs; s2Þ and R26ðs; s2Þ induced
in the chicane. At the end of the chicane, the transverse
displacement and the angle deviation will be

!xðs2; zÞ ¼
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The coordinate and the angular displacement that
depend on longitudinal position of the particle result
in a smearing in the transverse phase space, and also
in the growth of the projected emittance. Figure 5
illustrates this smearing effect, comparing the plots

of the transverse phase space before and after the
chicane.

IV. ZIGZAG CHICANE WITH CSR
COMPENSATION

As a remedy for the above problem, i.e., the displace-
ment in the transverse plane due to the longitudinal energy
variation induced by CSR wakes, we propose to use two
consequent chicanes with reversed bending directions, i.e.,
a zigzag-type compressor [26]. The opposite signs of the
dispersion functions should allow us to decouple the
longitudinal and transverse degrees of freedom. This tech-
nique is similar to that proposed to compensate the emit-
tance growth in ERL mergers caused by the longitudinal
space-charge forces [27]. We expect that in our scheme the
transverse phase-space displacement caused by CSR in the
1st chicane could be, at least, partially reversed in 2nd
chicane. By controlling optics between the two reversing
chicanes, we can suppress the correlated emittance growth
due to photon emission along the dispersive path [28].
Thus, the resulting emittance growth due to CSR effects
could be greatly reduced. Since bunch length is shorter,
correspondingly CSR wake is stronger in the second chi-
cane, and the energy change also is larger. The cancella-
tion of the CSR effect naturally requires a weaker second
chicane compared to the first one. Figure 6 is a sketch of
the energy variation caused by CSR wake in a zigzag
chicane. In addition, we could better align the transverse
phase-space displacements originating from two chicanes
by adjusting phase advance between them. We now
employ quadrupoles located between two chicanes
for this purpose, using them to minimize the resulting
projected emittance. For optimization, we adopted the
same simulation setup in ELEGANT and the same total
R56 for the case of a single chicane (described in the
previous section). A recurrent process of optimizing the
compensation scheme is done in scanning the dipoles
angles, the distances between dipoles, the phase advance

FIG. 5. Phase-space distribution before (top) and after (bot-
tom) the bunch compressor. The longitudinal energy variation
induced by CSR wakes is coupled to the coordinate and angular
displacements through R16 and R26 induced in the chicane. This
results in smearing of the transverse phase space.

FIG. 6. A sketch of expected energy variation along the two-
chicane compressor. Because of the higher peak current, the CSR
wakes in the second chicane are stronger and a larger energy
change is expected.
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Energy kick ΔδCSR(z)

   R16  ⇓  R26

ΔxCSR      Δ ′xCSR

         ⇓
possible ε-growth

  

Density modulation
ZCSR(k) ⇓    ⇑  R56

Energy modulation
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MiGgaGon	of	CSR	effects	on	beam	dynamics	
Domain	 Mi1ga1on	schemes	 Note	

Transverse	 Cell-to-cell	phase	matching	(Douglas,	Di	Mitri	et	al.)	 op1cs	adjustment	

Beam	envelope	matching	(Hajima)	

Combina1on	of	the	above	concepts,	applica1on	to	DBA/TBA	(Jiao	et	al.)	
or	bunch	compressor	system	(Jing	et	al.)	

Longitudinal	bunch	shaping	(Mitchell	et	al.)	 tailor	ini1al	beam	
condi1ons	

Longitudinal	 Laser	heaGng	(Saldin	et	al.,	Huang	et	al.)	 Landau	damping/Phase	
space	smearing	via	σδ	

Magne1c	mixing	chicane	(Di	Mitri	et	al.)	

Reversible	electron	beam	heaGng	(Behrens	et	al.)	

Inser1on	of	dipole	pair	in	an	accelerator	system	(Qiang	et	al.)	 take	advantage	of	εx	
via	R51	and	R52	

Overview	of	mi4ga4on	schemes	

WEYGBE1	 3/20	



MiGgaGon	of	CSR	effects	on	beam	dynamics	
Domain	 Mi1ga1on	schemes	 Note	

Transverse	 Cell-to-cell	phase	matching	(Douglas,	Di	Mitri	et	al.)	 op1cs	adjustment	

Beam	envelope	matching	(Hajima)	

Combina1on	of	the	above	concepts,	applica1on	to	DBA/TBA	(Jiao	et	al.)	
or	bunch	compressor	system	(Jing	et	al.)	

Longitudinal	bunch	shaping	(Mitchell	et	al.)	 tailor	ini1al	beam	
condi1ons	

Longitudinal	 Laser	heaGng	(Saldin	et	al.,	Huang	et	al.)	 Landau	damping/Phase	
space	smearing	via	σδ	

Magne1c	mixing	chicane	(Di	Mitri	et	al.)	

Reversible	electron	beam	heaGng	(Behrens	et	al.)	

Inser1on	of	dipole	pair	in	an	accelerator	system	(Qiang	et	al.)	 take	advantage	of	εx	
via	R51	and	R52	

OpGcal	balance	saGsfying	the	proposed	condiGons	 opGcs	adjustment	

MagneGzed	beam	with	specialized	transport	line	design	 tailor	iniGal	beam	
condiGons	

Overview	of	mi4ga4on	schemes	
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Outline	

q  Introduc1on	and	Overview	
q  Theore1cal	formula1on	of	CSR	microbunching	in	a	single-pass	system	
q  Suppressing	CSR	microbunching	through	op1cs	balance	
q  Examples	
q  Suppressing	CSR	microbunching	through	magne1zed	beam	
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Vlasov	treatment	-	a	kine4c	model	
•  Par1cle	tracking:	straighforward,	subject	to	numerical	noise	(posing	computa1onal	load)	
•  Vlasov	method:	more	efficient	in	numerical	simula1on,	free	from	numerical	noise	

•  Vlasov	equa1on	+	single-par1cle	equa1ons	of	mo1on	for	(x, x’, y, y’, z, δ)	

S.	Heifets	et	al.,	PRSTAB	5,	064401	(2002);	Z.	Huang	and	K.	Kim,	PRSTAB	5,	074401	(2002);	M.	Venturini,	PRSTAB	10,	
104401	(2007);	C.-Y.	Tsai	et	al.,	PRAB	19,	114401	(2017)	and	PRAB	20,	054401	(2017)	

Including	horizontal	&	ver1cal	bend;	combined-func1on	bend;	beam	accelera1on/decelera1on;	
can	also	extend	to	transverse	coupled	beam	

Vlasov	treatment	-	a	kine2c	model	

•  Vlasov	equa&on	+	single-par&cle	equa&ons	of	mo&on	

4	S.	Heifets	et	al.,	PRSTAB	5,	064401	(2002).	
Z.	Huang	and	K.	Kim,	PRSTAB	5,	074401	(2002)	
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 6 

 
    Next, we apply the standard perturbation technique by assuming f = f0 + f1  where

 f1 ≪ f0 , in order to obtain the linearized Vlasov equation for f1 , due to the wakefield 
effect. We further consider a sinusoidal dependence of the small perturbed quantity, i.e. 
f1 x0,θ x0, y0,θ y0, z0,δ ;s( ) = fk x0,θ x0, y0,θ y0,δ ;s( )eikz0 . Using the method of characteristics 

to solve this linearized equation and introducing the definition gk (s) as a complex 
bunching factor (here k is the wavenumber, defined as k = 2π λ  where λ  is the 
modulation wavelength before compression),   

 
gk (s) = dx0 dθ x0 dy0 dθ y0 dδ 0 fke

− ikC (s ) R51(s )x0+R52 (s )θx 0+R53 (s )y0+R54 (s )θy0+R56 (s )δ0⎡⎣ ⎤⎦
−∞

∞

∫  
 

 
with C(s) = 1

1−hR56 (s )  defined as the compression factor. 
 
By substituting the explicit expression of f = f0 + f1  into Eq. (1) and keeping only the 
linear term of f1 , the linearized Vlaosv equation can be rewritten as a general form of 
Volterra integral equation in terms of gk (s) [18], 
 

gk (s) = gk
(0)(s)+ K(s, s ')gk (s ')ds '0

s

∫  
(3) 

 
where gk

(0)(s) is the bunching factor in the absence of wakefield effect and the kernel 
function K is 
 

K(s, s ') = ik
γ
I(s)
IA

C(s ')R56 (s '→ s)Z kC(s '), s '( )× [Landau damping]

= ikrenb
γ

C(s)C(s ')R56 (s '→ s)Z kC(s '), s '( )× [Landau damping]
 

(4) 

 
where I(s) is the beam current at s and IA is the Alfven current, and R56 (s '→ s)  is 
 
R56 (s '→ s) = R56 (s)− R56 (s ')+ R51(s ')R52 (s)− R51(s)R52 (s ')

+R53(s ')R54 (s)− R53(s)R54 (s ')  
(5) 

 
Here the Landau damping term can be expressed as 
 

[Landau damping]= exp −k2

2

ε x0 βx0R51
2 (s, s ')+ R52

2 (s, s ')
βx0

⎛
⎝⎜

⎞
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+ε y0 βy0R53
2 (s, s ')+ R54
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βy0

⎛
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⎨

⎪
⎪

⎩

⎪
⎪
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⎬
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⎪

⎭
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Summary	of	mathema4cal	formulas	
u  Integral	form	of	the	linearized	Vlasov	equa1on:	
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Op1cs	balance	can	be	employed	to	mi1gate	CSR	effects	
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We	aim	to	make	this	rela1ve	momentum	compac1on	small	because	
small																															small																								small	  R56( ′s → s)⇒          K(s, ′s )⇒         bk (s)
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																																																				GUI:	volterra_mat!
Input:	ELEGANT	files	(*.ele,	*.lte)	
Output:	gain	curves	

Features:	
1.	general	(linear)	laqce	
2.	fast		
				(can	be	used	for	systema1c	study,	or	for		
					laqce	op1miza1on	if	microbunching	gain	is		
					of	par1cular	concern)	
3.	graphical	user	interface	
4.	most	updated	version	v4.2	for	non-
magne1zed	beam;	v2.0	for	magne1zed	beam	

A	numerical	code	has	been	developed	
for	the	study	and	was	benchmarked	
against	ELEGANT.	See,	for	detail,		
JLAB-TN-14-016	and	JLAB-TN-15-019.	
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q  Examples	
q  Suppressing	CSR	microbunching	through	magne1zed	beam	
q  Examples	
q  Summary	and	Conclusion	
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Linear	op4cs	analysis	

•  Linear	transport	matrix	from	si	to	sf	can	be	constructed	via	

							where	the	in-between	sec1on	can	be	a	general	sequence	of	linear	elements		
							(achroma1c	or	dispersive,	isochronous	or	non-isochronous)	
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Linear	op4cs	analysis	

•  Linear	transport	matrix	from	si	to	sf	can	be	constructed	via	

							where	the	in-between	sec1on	can	be	a	general	sequence	of	linear	elements		
							(achroma1c	or	dispersive,	isochronous	or	non-isochronous)	

•  Sufficient	condi1ons	to	achieve	small																									:		
–  (1)	prefer	small	β	func1ons	within	dipoles		
–  (2)	avoid	small	α	func1ons	within	dipoles	
–  (3)	ψfi	close	to	~π	(or	its	integer	mul1ple)	for	every	dipole	pairs	
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Linear	op4cs	analysis	

•  Linear	transport	matrix	from	si	to	sf	can	be	constructed	via	

							where	the	in-between	sec1on	can	be	a	general	sequence	of	linear	elements		
							(achroma1c	or	dispersive,	isochronous	or	non-isochronous)	
•  Sufficient	condi1ons	to	achieve	small																									:		

–  (1)	prefer	small	β	func1ons	within	dipoles		
–  (2)	avoid	small	α	func1ons	within	dipoles	
–  (3)	ψfi	close	to	~π	(or	its	integer	mul1ple)		
												for	every	dipole	pairs	

•  These	empirical	condi1ons	are	examined	over	a	wide	range	of	beam	energies	and	
various	types	of	transport	lines	and	confirmed	to	be	effec1ve	for	suppressing	CSR	
microbunching	

•  See	PRAB	20,	024401	(2017)	for	more	details	
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R6×6

si→s f = R6×6
dipole θ = − Lb−s2

ρ2
( )R6×6

totalR6×6
dipole θ = − s1

ρ1
( )

Note:	For	emirance	preserva1on,	we		
usually	require	(3)	among	periodic	units/cells	
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Examples	

•  Below	we	examine	the	proposed	condi1ons	by	illustra1ng	the	following	two	sets	
of	compara1ve	example	laqces	

Example	1	 Example	2	 Example	3	 Example	4	

ψfi	descrip1on	 (see	next	slides)	 ~0 or ~ π 
between	dipoles	

~ π/2 
between	dipoles	

~0 or ~ π 
between	dipoles	

R56	descrip1on	 larger	R56	
global	isochronous	

smaller	R56	
local	isochronous	

larger	R56	
local	isochronous	

smaller	R56	
local	isochronous	
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resultant CSR-induced microbunching gains for the two 1.3 GeV high-energy transport 
arcs are shown in Figs. 2-5. Figures 2 and 4 demonstrate the evolution of the gain 
function G(s) from direct solutions for three different modulation wavelengths. One can 
see in Fig. 2 the shorter wavelengths enhance the Landau damping through Eq. (6) while 
the longer wavelengths feature negligible CSR effect. Figures 3 and 5 show the gain 
spectra Gf (λ)  [Eq. (8)] and Gf

(M )(λ)  [Eq. (11)] at the exits of the lattices as a function of 
modulation wavelength λ , from which one can obviously see the difference: at beam 
current Ib ≈ 65 A the maximum gain of Example 1 reaches around 300 while for Example 
2 the gain is all around unity (i.e. almost no gain), so Example 1 is much more vulnerable 
to CSR effect while Example 2 is not. 
 
    To validate our results obtained from the direct solutions as well as iterative solutions, 
we benchmarked some specific cases by ELEGANT tracking. We note here that, because 
of very high gain for Example 1 lattice, particle tracking simulation (e.g. ELEGANT) 
indeed poses a big challenge for microbunching gain calculation: the initially imposed 
density modulation needs to be small enough so that the assumption of the linearized 
Vlasov equation is valid while such modulation requires to be large enough to surpass 
numerical noises. Later, we would see a similar but more severe situation occurred in our 
last example, MEIC CCR (see discussion below). After a systematic scan of various 
numerical parameters has been done and procedures have been established for obtaining 
convergent and solid results of the microbunching gain analyses from ELEGANT, we 
achieved good agreement of the results between our semi-analytical approaches and 
ELEGANT tracking [24]. For the two example lattices, both the gain functions and 
spectra from ELEGANT show good agreement with our results (see dots in Figs. 2-5). 
From the numerical iterative approach in Eq. (10), we also find an interesting feature of 
microbunching gain in the two example arcs: in contrast to the two-stage amplification 
exhibited in a typical three- or four-dipole bunch compressor chicane [19], the CSR-
induced microbunching gain here in the high energy transport arcs (each consisting of 24 
dipoles) requires up to 6th stage amplification, as shown in Figs. 3 and 5. 
 
 
TABLE 1. Initial beam and Twiss parameters for the two 1.3 GeV high-energy transport 
arcs 
 
Name Example 1 

(large R56) 
Example 2 
(small R56) 

Unit 

Beam energy 1.3 1.3 GeV 
Beam current 65.5 65.5 A 
Normalized emittance 0.3 0.3 µm 
Initial beta function 35.81 65.0 m 
Initial alpha function 0 0  
Relative energy spread (uncorrelated) 1.23 × 10-5 1.23 × 10-5  
Chirp 0 0 m-1 
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Example	3	&	4:	low-energy	recircula4on	arcs	

Name	 Example	3	 Example	4	 Unit	

beam	energy	 150	 100	 MeV	

chirp	 0	 0	 m-1	

bunch	current	(peak)	 70	 70	 A	

normalized	emirance	(H/V)	 0.25/0.25	 0.25/0.25	 μm	

rela1ve	rms	energy	spread	 2	×	10-5	 2	×	10-5	
	

bending	radius	 0.5	 0.5	 m	

S.	Di	Mitri,	PRSTAB	17,	074401	(2014)	

The initial current profile is parabolic and the peak
current is 65 A. We generated the initial beam with a
fractional energy spread ≈0.2% at 150 MeV, linearly
correlated with the longitudinal coordinate along the bunch
(linear energy chirp). Such energy spread is taken into
account by the ELEGANT code to compute optical
chromatic aberrations. The initial slice energy spread is
approximately the total one divided by the number of slices.
With 150 slices, the slice energy spread turns out to be
≈2 × 10−3 × 1.5 × 105 keV=150 ≅ 2 keV, a value consis-
tent with the incoherent energy spread in Table I. Thus, we
need to bin the bunched beam in at least 150 slices to
investigate the incoherent heating induced by IBS in the
presence of the aforementioned energy chirp. We actually
chose the conservative value of 300 slices in ELEGANT
and 5000 particles per slice. The input charge distribution
was generated in ELEGANT and properly smoothed in the
six-dimensional phase space to reduce the numerical
sampling noise [3].
The incoherent energy spread induced by IBS along the

FODO channel is shown in Fig. 3. Its final rms value,
averaged over the bunch slices, is 4.5 keV for the sliced
beam and 6.0 keV for the unsliced one. Such a discrepancy
is due to the nonuniform heating of the sliced beam because
of the lower charge density at the bunch edges. The
simulations confirm that the bunch length remains sub-
stantially unchanged in the presence of IBS (not shown).
The IBS transverse and longitudinal growth rate is shown in
Fig. 4. In agreement with the low IBS transverse growth
rate, the beam transverse emittances change by less than
0.01 μm due to momenta transfer. A similarly negligible
effect is also from optical aberrations (not shown). By
scaling the sliced beam result with Eq. (3), we estimate a
FODO channel as long as ∼100 m to achieve
σE;IBS ∼ 10 keV. At this point, the scheme would start
having a large impact on the machine design and cost.
Alternatively, while keeping the 30 m long FODO channel,

a beam charge density ∼4 times higher than in Table I
should be provided, which seems to be out of the horizon of
present facilities. We can therefore conclude that a rela-
tively compact single-pass low-beta FODO channel could
only about double the incoherent energy spread of typical
high brightness electron beams produced by nowadays
photoinjectors. This is not sufficient for best performance
of x-ray FELs, although it might be suitable, e.g., for longer
wavelength FELs driven by shorter linacs, lower peak
current and/or requiring weaker magnetic compression than
in FERMI and LCLS, i.e., having a lower MBI gain.

IV. RECIRCULATING IBS

As an alternative to the single-pass FODO channel, we
investigated a recirculating IBS beam line (RIBS) to
cumulate a larger σE;IBS and minimize the impact on the
total linac length. The bunch is injected into and extracted
from the RIBS by fast kicker magnets. After M turns into
the RIBS, the beam has passed through a low-beta FODO
channel 2Mþ 1 times. A sketch of the RIBS at 150 MeV
with realistic sizes is shown in Fig. 5. The two arcs
are a copy of the design by Douglas et al. [35]. In the
present arrangement, the arcs are achromatic and quasi-
isochronous (R56 ¼ 2 × 10−4 m, T566 ¼ 4 × 10−3 m) and
connected to the FODO channels by matching sections
made of additional quadrupole magnets. An ultrarelativistic
bunch takes approximately 360 ns to make one turn in the
RIBS. Kickers with rise and fall time pulse duration of a
few tens of nanosecond are therefore adequate for our
purposes.
Beam dynamics in RIBS was studied with the

ELEGANT code, testing several initial beam charges in
the range 100–500 pC. The initial beam parameters were
defined according to the aforementioned scaling rule with
beam charge, for the transverse emittance and the bunch
length. As an example, we show in Fig. 6(a) 150 MeV,

FIG. 5. Schematic layout of the recirculating IBS beam line (not to scale).

INTRABEAM SCATTERING IN HIGH BRIGHTNESS … Phys. Rev. ST Accel. Beams 17, 074401 (2014)
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Example	1	 Example	2	 Example	3	 Example	4	

ψfi	descrip1on	 ~0 or ~ π 
between	dipoles	

~ π/2 
between	dipoles	

~0 or ~ π 
between	dipoles	

R56	descrip1on	 larger	R56	
global	isochronous	

smaller	R56	
local	isochronous	

larger	R56	
local	isochronous	

smaller	R56	
local	isochronous	

transverse	emirance	 bad	 good	 good	 good	

longitudinal	
microbunching	gain	

bad	 good	 bad	 good	
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Basic	idea	

•  Another	way	to	suppress	CSR	microbunching	can	resort	to	transport	of	a	magne1zed	
beam	(this	idea	was	suggested	by	Ya.	Derbenev)	

•  Cathode	must	be	immersed	in	solenoid	field;	beam	has	non-zero	angular	momentum;	
beamline	design	requires	special	care	to	preserve	the	magne1za1on	

•  Such	a	magne1zed	beam	will	feature	a	larger	transverse	beam	size,	conceptually	

•  Provide	suppression	to	microbunching	
•  The	present	theory	is	only	valid	for	non-magne1zed	beam	and	thus	must	be	extended	

to	transverse	coupled	beam	for	quan1ta1ve	analysis;	see	PRAB	20,	054401	(2017)	for	
more	details	
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Example	5	&	6:	CCR	vs	ERL	cooler	design	

energy is for the purpose of downstream electron cooling of
ion beams. The two arcs, presumed identical, are designed
to transport and decompress/compress the beam bunch
before/after the cooling section. Table II summarizes the
beam parameters at the entrance of the first arc for our
simulation. This achromatic arc is composed of eight cells,
and each cell is constructed by two inward and one outward
bend. The total bending angle is 180°. Each bending dipole
is designed as a half-indexed [47] and combined-function
dipole. The arc lattice serves to transport the beam, to
match toward the downstream solenoid entrance, as well as
to preserve the axial symmetry [48].
Figure 6 shows the simulation results for this example

arc. An initial nonzero chirp is imposed on the beam so that
the bunch is decompressed while it traverses through the
arc. The evolution of bunch current is shown in Fig. 6(a).
The microbunching gain function, defined in Eq. (56), is
illustrated in Fig. 6(b) for λ ¼ 300 μm. In this figure, the
dots are obtained from ELEGANT tracking with inclusion of
1D steady-state CSR effect. In ELEGANT, a total of 16 × 106

simulation particles are used and 700 bins are set to ensure
the convergence of the results and the minimum resolved
modulation wavelength down to 50 μm. The input beam
phase-space distribution for particle tracking is prepared
according to Ref. [49]. The data postprocessing follows that
described in Ref. [50] and for detailed procedures we refer
the reader to Ref. [51]. The overall amplification ratio
smaller or around unity indicates that the beam during
transport is free from MBI. Figure 6(c) shows the micro-
bunching gain spectra at the exit of the arc as a function of

initial modulation wavelength. This figure shows nearly
absence of microbunching in the beam transport even with
inclusion of both CSR and LSC. From Figs. 6(b) and 6(c),
we find both our newly developed semianalytical Vlasov
solutions and particle tracking simulations agree with each
other. The analysis shows that there is basically no gain
growth along the arc. That is, the phase space quality of the
beam is well preserved in the transport arc. As a reference,
Fig. 6(d) indicates the validity of the 1-D CSR model [36]
used in the simulation, where the so-called Derbenev ratio
is defined as κ ¼ σx=λ2=3ρ1=3 [not to be confused with the
dummy variable used in Eq. (24)]. This ratio is assumed to
be small when the 1D model is valid. When the ratio is no
longer small, the transverse variation of the CSR field needs
to be taken into account, and a 2D CSR analysis shall be
required [52,53].
Compared to a nonmagnetized beam, for example the

beam in the JLEIC CCR, a general feature of a magnetized
beam is the (much) larger transverse beam size because
of its intrinsic angular momentum. This larger beam size
can have an effective smearing effect at locations where
R51ðsÞσxðsÞ > λðsÞ. In this magnetized beam transport arc
example, the maximum correlated length R51σx ≈ 2 mm, is
much longer than the modulation wavelength of interest.
The smearing mechanism is similar to that due to the
finite energy spread, which becomes effective when
R56ðsÞσδðsÞ > λðsÞ. In the example of the magnetized
ERL cooler arc design, it is found that the effect of
smearing in the longitudinal plane, R56σδ ≈ 80 μm, is
negligible, compared with several to tens μm [Fig. 6(c)].
Therefore, it is the larger transverse beam size that helps
mitigate the MBI in this arc. Compared with the first
example of CCR, the smearing distances R51σx ≈ 10 μm
and R56σδ ≈ 30 μm are found to be much shorter than the
typical microbunched structure at λ ≈ 360 μm, where the
maximal gain of CCR occurs. Thus, the absence of
effective Landau damping or smearing may be expected
and can lead to MBI.
As discussed in Sec. III, the microbunching can be

seeded by either initial density or energy modulation. The
resultant microbunched structure can reside in the forms of
density and energy modulations. Thus the full consider-
ation should be given to the total four types of conversion

TABLE II. Initial beam parameters for JLEIC ERL magnetized
beam transport.

Name Value Unit

Beam energy 55 MeV
Bunch charge 420 pC
Initial peak bunch current 22.5 A
4D geometric emittance 0.11 μm
Compression factor 0.28
Chirp 4.465 m−1
Energy spread (uncorrelated) 1.5 × 10−4

FIG. 5. Schematic layout of the JLEIC ERL cooler design [45].
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preliminary design is based upon the topological structure
of the figure-8 collider ring, as illustrated in Fig. 1[44].
Such design of an electron cooler ring is characteristic of
two 30-m cooling solenoids across the center of the
electron collider ring (not shown here) and composed of
horizontal dipoles around the four corners and vertical
bending dipoles around the two diagonal corners to meet
the requirement of vertically stacked figure-8 rings [44].
The circulating electron beam was initially assumed
uncoupled in transverse planes. Note that the transverse
beam dynamics of horizontal and vertical planes are
coupled inside and decoupled outside the cooling sole-
noids. In the case with a mere CSR effect, which only
occurs within bending dipoles, we can artificially take out
the solenoid sections in the simulations without affecting
the microbunching dynamics. If LSC is to be considered,
the two 30-m cooling solenoids should be included.
Table I lists the initial beam and Twiss parameters for the

CCR beam line design. The steady-state CSR gain func-
tions GðsÞ for three different modulation wavelengths are
shown in Fig. 2 where we found the microbunching gain
with λ ¼ 350 μm is much larger compared with the other
two cases λ ¼ 100 and 1000 μm, particularly at the last
several bends. Because of the frequency dependence of the
impedances [see Eqs. (57)–(64)], a more thorough consid-
eration would be to scan a spectral range of modulation
wavelengths. Figure 3 shows the steady-state CSR gain
spectrum GfðλÞ as a function of initial modulation wave-
lengths at the exit of the lattice. In this figure, the same
result with two different theoretical formulations is
obtained; the red curve, obtained by the formulation
derived in Sec. III, and the blue curve, from our previously
developed semianalytical Vlasov solver [43] for nonmag-
netized beams. This numerically verifies the equivalence
of the generalized formulation to the existing one for the
special case of transversely uncoupled beams. One can see

in Figs. 2 and 3 that the shorter wavelengths enhance the
Landau damping or smearing in phase space [through
Eq. (40) or (42)] while the longer wavelengths feature
negligible CSR effect [see Eqs. (57) and (58)]. Though not
shown here, our Vlasov analysis indicates that, with
inclusion of CSR transient effects [Eqs. (59)–(63)], the
maximum gain can be at least two orders of magnitude
larger than the steady-state CSR gain. We notice that with
the huge gain shown in Figs. 2 and 3 the microbunching
mechanism may enter a nonlinear regime where the
linearized Vlasov solutions are no longer valid from a
practical point of view. This situation is however beyond
the scope of this paper. Here we note that, due to the
ultrahigh gain for JLEIC CCR, particle tracking simulation
by ELEGANT imposes a significant challenge to obtain
convergent results. To compare with the linear theory (or
at the onset of MBI), the numerically imposed density
modulation needs to be small enough to remain in the linear
regimewhile such modulation requires it to be large enough
to rise above the numerical noise originated from the
limited number of simulation particles. This implies that
a large number of simulation particles and long

TABLE I. Initial beam parameters for CCR used in the
simulation.

Name Value Unit

Beam energy 54 MeV
Bunch charge 2 nC
Initial peak bunch current 60 A
Transverse normalized emittance 3 μm
Compression factor 1
Chirp 0 m−1
Energy spread (uncorrelated) 1.0 × 10−4

FIG. 1. Schematic layout of the early CCR design for the JLEIC [44].
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computation time are required for reaching convergent
results of microbunching gain. Thus, to validate our
semianalytical results against ELEGANT, and to ease the
numerical difficulties with ELEGANT tracking, we inten-
tionally increase the transverse beam emittances ten times
larger than the nominal values shown in Table I (i.e.
εnx ¼ εny ¼ 30 μm) because larger emittance is known
to induce more Landau damping, resulting in lower micro-
bunching gain. Lower gain can thus relieve the stringent
requirement of imposing small initial density modulation as
well as large number of simulation particles, thus relaxing

numerical difficulties. The benchmark results of CCR for
the case with εnx ¼ εny ¼ 30 μm are shown in the
Appendix. We remind the reader that in both our semi-
analytical Vlasov analysis and ELEGANT tracking, we only
consider the CSR microbunching instability in a single turn
for the CCR. Our study indicates that the preliminary
design of CCR for high-energy electron cooling is at risk of
microbunching instability; an improved design is required
to suppress such instability and/or alternative beam trans-
port schemes should be considered in order to compensate
and to circulate the electron beam as many turns as possible
while maintaining the high phase space quality of the
electron beam required by electron cooling efficiency.
Out investigation shows that, for JLEIC CCR, due to the

high bunch charge (∼2 nC) and small beam emittance as
well as low energy spread (∼10−4), the CSR-induced
microbunching quickly accumulates and reaches a maxi-
mum gain ∼4000 at λ ≈ 360 μm in the design. Figure 4
illustrates the longitudinal phase space fragmentation due
to CSR using ELEGANT. In the ELEGANT tracking simu-
lation, we use 3 × 106 macroparticles with quiet start. The
numerical setting to properly simulate CSR effects within
bending dipoles follows that described in Ref. [46]. The
number of macroparticles employed here is far from
enough to produce the quantitatively converged results.
Nevertheless, Fig. 4 serves an informative purpose to
qualitatively demonstrate the phase space modulation
due to severe CSR effects on microbunching.

B. ERL cooler design for magnetized cooling

In this subsection we perform the microbunching analy-
ses by considering our recent arc design of the JLEIC ERL
cooler ring for magnetized beam cooling. Figure 5 shows
the schematic layout of the recent ERL cooler ring design
for JLEIC [45]. This design is different from the previous
CCR design [1,44], in which the beam was nonmagnetized
and the electron beam (∼2 nC with peak current 60 A) was
targeted for strong cooling. This current ERL cooler ring
design is however to transport magnetized beams and so far
designed for weak cooling [21]. A beam with magnetiza-
tion is generated in the magnetized gun, immersed in a
solenoid. Then the beam is injected in the energy-recovered
linac and accelerated to about 55 MeV. The choice of the

FIG. 4. Longitudinal phase space distributions for the JLEIC CCR: left: initial quiet beam; right: when the beam circulates one turn.
Note that z > 0 is for bunch head.

0 500 1000 1500 2000
0

1000

2000

3000

4000

λ (µm)

G
f

 

 

FIG. 3. CSR gain spectra as a function of initial modulation
wavelengths for the JLEIC CCR lattice. Gf is evaluated as one-
turn microbunching gain. The red curve is obtained by the
formulation developed in this paper, while the blue curve is from
our previously developed semianalytical Vlasov solver [43] for
nonmagnetized beams.
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FIG. 2. CSR gain functions GðsÞ for MEIC CCR lattice: (red)
λ ¼ 100 μm, (green) λ ¼ 350 μm, (blue) λ ¼ 1000 μm.
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computation time are required for reaching convergent
results of microbunching gain. Thus, to validate our
semianalytical results against ELEGANT, and to ease the
numerical difficulties with ELEGANT tracking, we inten-
tionally increase the transverse beam emittances ten times
larger than the nominal values shown in Table I (i.e.
εnx ¼ εny ¼ 30 μm) because larger emittance is known
to induce more Landau damping, resulting in lower micro-
bunching gain. Lower gain can thus relieve the stringent
requirement of imposing small initial density modulation as
well as large number of simulation particles, thus relaxing

numerical difficulties. The benchmark results of CCR for
the case with εnx ¼ εny ¼ 30 μm are shown in the
Appendix. We remind the reader that in both our semi-
analytical Vlasov analysis and ELEGANT tracking, we only
consider the CSR microbunching instability in a single turn
for the CCR. Our study indicates that the preliminary
design of CCR for high-energy electron cooling is at risk of
microbunching instability; an improved design is required
to suppress such instability and/or alternative beam trans-
port schemes should be considered in order to compensate
and to circulate the electron beam as many turns as possible
while maintaining the high phase space quality of the
electron beam required by electron cooling efficiency.
Out investigation shows that, for JLEIC CCR, due to the

high bunch charge (∼2 nC) and small beam emittance as
well as low energy spread (∼10−4), the CSR-induced
microbunching quickly accumulates and reaches a maxi-
mum gain ∼4000 at λ ≈ 360 μm in the design. Figure 4
illustrates the longitudinal phase space fragmentation due
to CSR using ELEGANT. In the ELEGANT tracking simu-
lation, we use 3 × 106 macroparticles with quiet start. The
numerical setting to properly simulate CSR effects within
bending dipoles follows that described in Ref. [46]. The
number of macroparticles employed here is far from
enough to produce the quantitatively converged results.
Nevertheless, Fig. 4 serves an informative purpose to
qualitatively demonstrate the phase space modulation
due to severe CSR effects on microbunching.

B. ERL cooler design for magnetized cooling

In this subsection we perform the microbunching analy-
ses by considering our recent arc design of the JLEIC ERL
cooler ring for magnetized beam cooling. Figure 5 shows
the schematic layout of the recent ERL cooler ring design
for JLEIC [45]. This design is different from the previous
CCR design [1,44], in which the beam was nonmagnetized
and the electron beam (∼2 nC with peak current 60 A) was
targeted for strong cooling. This current ERL cooler ring
design is however to transport magnetized beams and so far
designed for weak cooling [21]. A beam with magnetiza-
tion is generated in the magnetized gun, immersed in a
solenoid. Then the beam is injected in the energy-recovered
linac and accelerated to about 55 MeV. The choice of the

FIG. 4. Longitudinal phase space distributions for the JLEIC CCR: left: initial quiet beam; right: when the beam circulates one turn.
Note that z > 0 is for bunch head.
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FIG. 3. CSR gain spectra as a function of initial modulation
wavelengths for the JLEIC CCR lattice. Gf is evaluated as one-
turn microbunching gain. The red curve is obtained by the
formulation developed in this paper, while the blue curve is from
our previously developed semianalytical Vlasov solver [43] for
nonmagnetized beams.
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the nominal value summarized in Table II. This, to some
extent, demonstrates the effectiveness of utilizing the
magnetized beam for mitigation of MBI. The advantage
of using beam magnetization on microbunching suppres-
sion can be seen much more prominently for the strong
cooling in next-iterative cooler ring design when the bunch
charge is increased.

VI. SUMMARY

In this paper we have reviewed the single-particle beam
optics and applied the concept of sigma matrix to character-
ize a beam with correlation between any dimensions.
Dodging the usage of Twiss (or Courant-Snyder) para-
metrization in a coupled beam, we take advantage of
diagonalizing the beam sigma matrix and find it can greatly
simplify the formulation for Vlasov analysis of micro-
bunching for a magnetized beam. A set of governing
equations for microbunching analysis of general coupled
beams was derived. The theoretical treatment we followed
is still largely in the spirit of Refs. [3,4]. Solutions to the
integral equations have been found to reduce to the existing
well-known formulas for nonmagnetized beams and have
been benchmarked against particle tracking simulation. The
results all show good agreement. An arc lattice, designed to
transport a magnetized beam for downstream ERL electron
cooling of the JLEIC, is shown to have nearly no MBI.
As a comparison, MBI analysis of the early CCR design is
also presented. Suppression of microbunching is found
due to effective smearing of relatively large transverse
beam size via the transverse-longitudinal correlation R51

along the beam line. This smearing takes advantage of a
typical feature of beam magnetization. Then a more
thorough consideration is taken for both density and energy
modulations. More complete analysis will be carried out
when a full-ring lattice is available.
Finally we note that our semianalytical Vlasov solver can

be used for quick estimates of microbunching in a general
coupled beam transport, and for subsequent optimization
of beam line design when MBI is a concern. This can be

done without tracking a large number of simulation
particles [43,54].
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APPENDIX: GAIN FUNCTION AND SPECTRUM
FOR JLEIC CCR WITH εnx = εny = 30 μm

Because of the ultrahigh gain for the JLEIC CCR with
nominal beam parameters (see Table I), to validate our
semianalytical solutions against ELEGANT tracking results,
we increase the transverse beam emittances to ten times the
nominal values, i.e. εnx ¼ εny ¼ 30 μm, so that we can ease
the numerical requirements of the number of macropar-
ticles for preparing the initial (modulated) phase-space
distributions.
With the increased transverse emittances while keeping

other beam and lattice parameters the same, we plot the
steady-state CSR gain function GðsÞ and spectrum GfðλÞ
together with ELEGANT tracking results shown in Figs. 9
and 10. In ELEGANT, 50 × 106 macroparticles were used
and 10000 bins employed in simulating CSR effects within
dipoles. Both our semianalytical Vlasov results and
ELEGANT tracking are in excellent agreement. This vali-
dates our semianalytical Vlasov calculation.
Here we have an interesting observation that, in almost-

no-gain regions, the bunching factors (or, microbunching
gains) extracted from particle tracking simulation exhibit
some fluctuations. These regions happen to be located at
larger dispersive locations; thus transverse coordinates
(e.g. x and x0) can be coupled to the longitudinal coordinate
z by nonzero energy displacement (via R16 and R26,
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FIG. 8. Initial current dependence of the maximal microbunch-
ing gains for the example arc. In the simulation we have included
CSR and LSC effects.

FIG. 9. Steady-state CSR gain functions GðsÞ for the JLEIC
CCR lattice. Note here that λ ¼ 300 μm for both the semi-
analytical solution and ELEGANT tracking. In elegant tracking we
impose an initial density modulation amplitude 0.2% on a flattop
density distribution.
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Summary	and	Conclusion	

ü  CSR	effect:	transverse:	emirance	growth;	longitudinal:	microbunching	instability	
ü  Linear	Vlasov	solver	for	study	of	MBI	for	general	linear	beamline	laqces	
ü  Op1cs	condi1ons	for	CSR	microbunching	suppression	

Ø  prefer	small	β	within	dipoles	
Ø  avoid	small	α within	dipoles	
Ø  keep	ψ	close	to	mπ 	for	every	pair	of	dipoles 

ü  Illustra1on	of	two	sets	of	compara1ve	examples	to	confirm	the	condi1ons:	high	
energy	(~1	GeV)	and	low	energy	(~100	MeV)	cases	

ü  Evaluate	op1cs	impact	on	microbunching	amplifica1on	
ü  Tailoring	beam	condi1ons	also	provide	an	alterna1ve	way	to	suppress	

microbunching;	illustrated	a	set	of	compara1ve	example	for	non-magne1zed	CCR	
and	magne1zed	ERL	cooler	design	

ü  Large	transverse	beam	size	provides	effec1ve	suppression	of	MBI	
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