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Abstract
We report our comparison study on the first stage electron

bunch compression schemes at 750 MeV using a conven-
tional and a double C-chicane for the X-ray free electron
laser (XFEL) under development for the Matter-Radiation
Interactions in Extremes (MaRIE) project at Los Alamos
National Laboratory. Compared to the performance of the
conventional C-chicane bunch compressor, the double C-
chicane scheme exhibits the capability of utilizing the trans-
verse momentum shift induced by the coherent synchrotron
radiation (CSR) in the second C-chicane to compensate that
generated in the first C-chicane, resulting in a compressed
electron bunch with minimized transverse momentum along
the beam. It is also found that the double C-chicane scheme
can be designed to significantly better preserve the beam
emittance in the course of the bunch compression. This is
particularly beneficial for the MaRIE XFEL whose lasing
performance critically depends on the preservation of the
ultralow beam emittance.

INTRODUCTION
X-ray free electron laser (XFEL) is one of the candidate

technologies to realize Matter-Radiation Interaction in Ex-
tremes (MaRIE) [1], in an effort to achieve the Dynamic
Mesoscale Material Science Capability (DMMSC) at Los
Alamos National Laboratory. A footprint design of the ac-
celerator lattice using the laser assisted bunch compression
method [2] has been established [3], with the first stage of
the electron bunch compression at 750 MeV, enhancing the
peak beam current from 20 A to 500 A.

A conventional bunch compressor consists of four dipole
magnets, as illustrated in Fig. 1(a); a more complicated
bunch compressor is implemented as a double C-chicane, as
shown in Fig. 1(b), where the two C-chicanes symbolized
by C-1 and C-2 are oriented in the opposite directions. In
this paper, we discuss the designs and the performance of
the first bunch compressor (BC1) for the MaRIE XFEL ac-
celerator lattice, in the form of a conventional and a double
C-chicane.

The motivation for the investigation of the double C-
chicane scheme for BC1 is to explore the feasibility of using
the horizontal momentum shift induced by the coherent syn-
chrotron radiation (CSR) in the C-2 section to compensate
that developed in the C-1 section, producing a bunched beam
with minimized transverse momentum shift at BC1 exit. A
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Figure 1: Schematic of (a) a conventional bunch compressor
using a single C-chicane and of (b) a double C-chicane.

smaller magnitude of the beam transverse momentum shift
is favorable to the ensuing beam acceleration in the linac
sections, especially the initial acceleration stage.

To perform the optimization of the double C-chicane, an
analytical and a numerical method using ELEGANT code [4]
are introduced. In our study, the dipole length (0.60 m) and
the field (0.24 T) of the bending magnets in C-1 are set as
constants, and the three variables are the compression ratio
of C-1 and the length as well as the magnetic field of the
dipoles in C-2, forming a 3D parameter space.
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Figure 2: Distributions of the beam current and of the slice
emittance of the electron beam upstream of BC1.

ANALYTICAL METHOD
The beam current as well as the slice emittance of the

electron beam to be compressed by BC1 is given in Fig. 2.
The analytical calculation of the CSR effects on the horizon-
tal momentum shift of the beam as the beam traverses BC1
configured as a double C-chicane is based on the theoretical
model developed by Saldin et al. [5], in Eq.(87). The pertur-
bation on the energy profile of the beam due to CSR is then
transfered to the horizontal momentum by the 𝑅26 = sin 𝜙𝑚

element of the transfer matrix of the dipoles, as given in
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Eq. (1), where 𝜙𝑚 is the dipole bending angle:

Δ𝑥′CSR = sin 𝜙𝑚 · 𝛿CSR . (1)

The analytical method surveys the CSR effect on the hor-
izontal momentum shift in each of the four dipoles of the
C-chicane, and the beam length is assumed to be constant
when inside a dipole. The beam retains the original length
when traversing the entrance dipole, uses the compressed
length at the exit of the second dipole for the calculations
inside the two central dipoles, and has the final compressed
length for the calculation in the last dipole.

NUMERICAL METHOD
A 3D parameter scan was carried out using the optimizer

feature of ELEGANT. In the optimizer setup, there was a
triplet as the matching optics upstream of BC1. In each
optimizer run, the triplet quadrupole strengths and the inner
drift lengths served as the optimizer variables, and the opti-
mization goal was set as minimizing the projected transverse
normalized emittances. After each optimizer run, the beam
was divided into 1000 equal-length slices, and the current-
weighted standard deviation of the slice average horizontal
momentum shift, symbolized as 𝜎𝑥′slice

, was calculated to
evaluate the performance of the cancellation of the horizon-
tal momentum shift of the beam by CSR effects in the two
individual C-chicanes.

Upon each value of the C-2 dipole field investigated, the
C-2 dipole length and the C-1 compression ratio were varied
to generate a 2D contour plot of the 𝜎𝑥′slice

value, e. g. the
one shown in Fig. 3 for C-2 dipole field being 0.10 T.
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Figure 3: Current-weighted standard deviation of the slice
average horizontal momentum shift at BC1 exit, with 0.10 T
C-2 dipole field, plotted to the variation of C-2 dipole length
and C-1 compression ratio. The black marker is placed at
the minimal value of 𝜎𝑥′slice

.

The minimal 𝜎𝑥′slice
value on the 2D contour plot was

recorded for each C-2 dipole field value used, and a summary
plot of the entire 3D scan was obtained, as given in Fig. 4. It
can be immediately seen that there is not a global minimum
of the value of 𝜎𝑥′slice

, and that additional conditions must be
taken into account to finalize the double C-chicane design.
Better cancellation of the horizontal momentum shift due to
CSR by both C-chicanes, marked by a smaller minimized

value of 𝜎𝑥′slice
, favors a smaller C-2 dipole field. In this

case, however, the horizontal rms beam size at BC1 exit
becomes greater, leading to escalating difficulty of designing
proper matching optics downstream to reduce the beam size
while minimizing the 𝛼-function magnitude of the beam;
the BC1 total length will increase as well, while the contrary
is preferred. At last, C-2 dipole field was selected as 0.10 T,
C-2 dipole length 0.60 m, and C-1 compression ratio 7.5.
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Figure 4: Variations of the minimized current-weighted
standard deviation of the slice average horizontal momentum
shift, the horizontal rms beam size at BC1 exit, and the BC1
total length versus the C-2 dipole field.

COMPARISON OF METHODS
Using the parameter set determined in the previous sec-

tion, the net horizontal momentum shift due to CSR by C-1
alone and that by C-2 alone can be calculated using the ana-
lytical method, and the numerical method with ELEGANT
(Fig. 5). For an optimized design, adding the net shift of
the horizontal momentum by C-1 and C-2 in a slice-by-slice
manner will result in minimized total horizontal momentum
shift by the double C-chicane.
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(b) numerical method using ELEGANT
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Figure 5: Horizontal momentum shift by CSR in C-1 and
C-2, respectively, using (a) the analytical method and (b) the
numerical method with ELEGANT. Longitudinal coordinate
of the beam is normalized by the beam length 𝑙𝑏.
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The results from the analytical method underestimate the
CSR horizontal momentum shift at the head of the electron
beam formed in an individual C-chicane, but the overall mag-
nitude of the shift profile agrees very well with the results
derived using the numerical method. ELEGANT results
predict a different CSR horizontal momentum shift profile
at the head and the tail sections of the beam by C-2 alone,
as shown in Fig. 5(b).

Although a numerically accurate optimized double C-
chicane can be obtained through the ELEGANT 3D parame-
ter scan approach, the much more efficient analytical method
shows very good agreement and can be employed as a sig-
nificantly faster approach for the coarse optimization stage
of the double C-chicane design process.

COMPARISON OF BC1 SCHEMES
A comparison of the performance of BC1 configured as a

conventional C-chicane and as a double C-chicane can be
seen in Fig. 6, where the distributions of beam current, slice
emittance, beam centroid shift, and beam average transverse
momentum shift at the exit of BC1 are plotted.

−40 −20 0 20 40
s (μmμ

−20

−10

0

10

20

sli
ce
 tr
an
s. 
ce
nt
ro
id
 (μ

m
μ (aμ.ii

x
y

−40 −20 0 20 40
s (μmμ

−20

−10

0

10

20

sli
ce
 tr
an
s. 
ce
nt
ro
id
 (μ

m
μ (bμ.ii

x
y

−40 −20 0 20 40
s (μmμ

−15

−10

−5

0

5

10

15

sli
ce
 a
vg
. t
ra
ns
. m

om
en
t 
m
 (μ

ra
dμ

(aμ.iii

x′
y′

−40 −20 0 20 40
s (μmμ

−15

−10

−5

0

5

10

15

sli
ce
 a
vg
. t
ra
ns
. m

om
en
t 
m
 (μ

ra
dμ

(bμ.iii

x′
y′

0

20

40

60

80

sli
ce
 n
or
m
. e
m
itt
an
ce
 (n

m
 ra

dμ

0

20

40

60

80

sli
ce
 n
or
m
. e
m
itt
an
ce
 (n

m
 ra

dμ

−40 −20 0 20 40
s (μmμ

0

100

200

300

400

500

sli
ce
 b
ea
m
 c
 r
re
nt
 (A

μ (aμ.i
At single C-chicane BC1 exit

Ib, beam c rrent
εn, x, horizontal norm. emit.
εn, y, vertical norm. emit.

−40 −20 0 20 40
s (μmμ

0

100

200

300

400

500

sli
ce
 b
ea
m
 c
 r
re
nt
 (A

μ (bμ.i
At do ble C-chicane BC1 exit

Ib, beam c rrent
εn, x, horizontal norm. emit.
εn, y, vertical norm. emit.

Figure 6: Comparison of the performance of BC1 config-
ured as (a) a conventional C-chicane and as (b) a double
C-chicane.

Both schemes of BC1 accomplish the compression of the
electron beam to realize a peak current at 500 A, and pre-
serve the slice emittance. At BC1 exit, comparison between
Fig. 6(a).ii and Fig. 6(b).ii indicates that the conventional
C-chicane produces little transverse centroid shift along the
beam, while the beam develops up to 20 µm horizontal cen-
troid shift at the head and the tail sections as it traverses the
double C-chicane, due to the integration of the intermedi-
ate CSR horizontal momentum shift. Comparison between
Fig. 6(a).iii and Fig. 6(b).iii shows that CSR effects in the
conventional C-chicane induces strong horizontal momen-

tum shift at the head and the tail sections of the beam, with
a non-zero shift through the central section of the beam,
while the beam as processed by the double C-chicane shows
minimized horizontal momentum shift profile, with slight
perturbations at the head and the tail sections.

Upstream of BC1, the beam has a projected horizontal
and vertical normalized emittances of 65.9 nm rad. At the
exit of BC1 configured as a conventional C-chicane, the
horizontal normalized emittance increases to 81.7 nm rad
while the vertical normalized emittance stays unchanged.
At the exit of BC1 using the double C-chicane scheme, the
horizontal normalized emittance decreases to 54.2 nm rad,
which is due to the compensation of the correlated chromatic
effects in the off-crest linac acceleration upstream for the
construction of the energy chirp; the vertical normalized
emittance increases mildly to 69.9 nm rad.

CONCLUSIONS
A double C-chicane has been designed for the first stage

of bunch compression for MaRIE XFEL, with the purpose
of having the horizontal momentum shift caused by CSR
effects in the individual C-chicanes cancel each other.

An analytical and a numerical method using ELEGANT
have been developed for the optimization of the double C-
chicane. The analytical method allows for fast and coarse
optimization, while the numerical method can be used to
refine the results. The two methods show good agreement.

BC1 with the scheme of a conventional C-chicane pro-
duces a compressed beam with minimal transverse centroid
shift, but with significant horizontal momentum shift along
the beam. BC1 configured as a double C-chicane presents
horizontal centroid shifts at the head and the tail sections of
the beam, but the horizontal momentum shift is minimized.
The double C-chicane design of BC1 also leads to a remark-
ably reduced projected horizontal normalized emittance.
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