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Abstract. The double emittance exchange (EEX) beamline is suggested to overcome the large
horizontal emittance and transverse jitter issues associated with the single EEX beamline while
preserving its powerful phase-space manipulation capability. However, the double EEX beamline
also has potential limitations due to coherent synchrotron radiation (CSR) and transverse jitter.
The former limitation arises because double EEX uses twice as many bending magnets as single
EEX which means stronger CSR effects degrading the beam quality. The latter limitation arises
because a longitudinal jitter in front of the first EEX beamline is converted into a transverse
jitter in the middle section (between the EEX beamlines) which can cause beam loss or beam
degradation. In this paper, we numerically explore the effects of these two limitations on the
emittance and beam transport.

1. Introduction

A program is underway at the Argonne Wakefield Accelerator (AWA) facility to develop
an exchange-based method of longitudinal bunch shaping [1]. The current single emittance
exchange (EEX) beamline is being upgraded to a double EEX beamline. After installation
and commissioning is complete (in early 2018) it will first be used to study the capabilities and
limitations of double EEX and, second, for applications requiring longitudinal bunch shaping. In
this paper, we study the emittance growth from coherent synchrotron radiation (CSR) and jitter
issues since they are expected to be the two biggest limitations of the double EEX beamline.

The first limitation we study arises from CSR which is an unavoidable side effect of all
beamlines using dispersive elements (e.g. a dipole magnet). Since the EEX beamline uses
multiple dipole magnets the beam has multiple chances to interact with CSR leading to emittance
dilution. We note that the exchange process leads to a growth of the slice emittance in contrast
to other dispersive beamlines (e.g. chicane) [2].

The second limitation we study is due to longitudinal jitter at the entrance to an EEX
beamline that gets converted into the transverse jitter (i.e. horizontal offset) at the exit. This
transverse jitter is critical because it can generate serious effects on the transverse optics and the
emittance. Fortunately, since the double EEX beamline restores the phase space relationship,
the converted transverse jitter after the first EEX becomes longitudinal jitters after the second
EEX.

In this paper, we study these limiting issues in the AWA double EEX beamline using the
particle tracking code GPT [3] with a CSR module [4]. The double EEX beamlines consists
of two identical single EEX beamline and transverse manipulation section in the middle (See
Figure 1). A double EEX beamline is simulated to study the jitter issue, but a single EEX
beamline is used for the CSR study for the simplicity.
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Figure 1. The schematic of a double EEX beamline. The beam is moving from the right to
the left in this figure.

2. Emittance growth in the EEX beamline

The current AWA single EEX beamline [1] is used in the simulation study of emittance growth
due to CSR. A 100 pC beam is numerically generated at the entrance to the double EEX
beamline for the study. A horizontal emittance (εx,i) of this beam is 1 µm. Bunch length (σz)
and the chirp (Sz ≡ 〈zδ〉/〈z

2〉) are varied around 2 mm and -2 m−1 respectively. The horizontal
beam size (σx) and slope (Sx ≡ 〈xx

′〉〈x2〉 ) are varied in 0.5−3 mm for the size and -1 m−1 to
1 m−1 for the slope.

The emittance growth without CSR is shown in Figure 2a as a function of the incoming beam
parameters. The y-axis of this figure shows the ratio of the final longitudinal emittance (εz,f ) to
the initial horizontal emittance (εx,i) for the single EEX beamline. In this case, the 2nd-order or
higher order terms are the only sources of the emittance growth. A smaller beam size normally
generates a smaller emittance growth and an appropriate slope minimizes the high-order growth.
Figure 2a follows the expected tendency. The horizontal slope near -0.2 m−1 suppresses this
growth and a smaller transverse beam size induces a smaller emittance growth. The minimum
emittance growth (εz,f/εx,i) is 1.05 with the initial beam size (σx,i) of 0.5 mm and the slope
(Sx,i) of -0.2 m−1.

The emittance growth with CSR is shown in Figure 2b as a function of the same incoming
beam parameters as above. The overall patterns are similar to Figure 2a, since the higher
order effects are dominant for this low charge, but the minimum emittance growths for each
initial beam size increases due to CSR. This can be explained by Equation (1) which shows the
emittance growth with the integrated momentum kick concept introduced in Ref. [5].

∆ε = 〈x2i 〉 [{κL∆z − (η + κξL)∆δ}Sx + κ(∆z − ξ∆δ)]
2 +

ε2x,i
〈x2i 〉

{κL∆z − (η + κξL)∆δ}
2. (1)

Figure 2c and d show the emittance growth plot for the bunch lengths of 1 mm and 0.6 mm
respectively. A short incoming bunch length shortens the bunch length along the beamline.
Due to the short bunch length, CSR along the beamline is stronger than the long bunch case
(b). Since the higher-order effect competes with the CSR induced emittance growth (Equation
(1)), the pattern and slope that minimizes the emittance growth change (Figure 2c and d). The
optimal slope is 0 m−1 which yields a growth of 1.24 for σz = 1 mm case, and 0.2 m−1 provides
1.41 for σz = 0.6 mm case.

Figure 3 shows the emittance growth plot for different chirps. The top rows are the simulation
results without CSR and the bottom is the results with CSR. Left column of the figure used the
chirp of -2 m−1 and the right column used 0 m−1 while the bunch length is fixed to 2 mm for
all cases. The emittance growth sources related to the longitudinal chirp are thick-lens effect
[6] and CSR. The chirp of −1/ξ minimizes the thick-lens effect but it also minimizes the bunch
length in the middle of the EEX beamline (i.e. maximum CSR). Since the charge is low, the
thick-lens effect looks stronger than CSR, so the chirp closer to −1/ξ (−1/ξ ≈ −2 m−1) reduces
the emittance growth. Note, this trend depends on the charge level or the initial bunch length.
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Figure 2. Emittance growth for various incoming beam
parameters. The parameters εx,i = 1 µm and Sz = −2 m−1

are fixed and the colors correspond to different values of σx. (a)
σz = 2 mm (without CSR), (b) σz = 2 mm (with CSR), (c)
σz = 1 mm (with CSR), and (d) σz = 0.6 mm (with CSR).

3. CSR suppression

Since CSR is one of the major issues in modern accelerators, CSR suppression for the bunch
compressor has long been studied. However, the study on CSR for EEX is started very recently.
Here we tried to simulate two well-known ideas as a start: CSR shielding and low bending angle.

Figure 4 shows the simulation comparison with and without a shielding effect. Figure 4a is
the result without the shielding effect, and Figure 4b includes the shielding effect. The plate
gap size of 2 cm is applied to the dipole magnet area while the 5 cm gap is applied to the
remainder of the beamline. For the σx = 0.5 mm case, the minimum emittance growths are
1.22 without the shielding and 1.12 with the shielding. Although the shielding gap limits the
transverse optics, it is very effective way to suppress the emittance growth from CSR.

We also tried to minimize the emittance growth even further using both a smaller gap for the
shielding and a low bending angle for the EEX beamline. The bending angle is changed from
20◦ to 5◦, and the drift length of the dogleg is changed from 2 m to 5 m to keep the dispersion
in a reasonable level (ηα=20◦ = 0.89 m and ηα=5◦ = 0.46 m). The shielding uses 2 cm gaps for
the whole beamline.

Figure 5 shows the simulation results with a low bend angle EEX beamline. Figure 5a and
b use different initial bunch lengths (0.3 mm and 2 mm, respectively). The higher order effect
generates a similar pattern as in Figure 2c and d. However, the short bunch now provides a
smaller emittance growth than the long bunch. Since CSR is weak in this low bend angle case, the
thick-lens effect dominates and the long bunch has the larger emittance growth. The minimum
emittance growth in Figure 5a is only 1.06. Note, the thick-lens effect can be eliminated by
introducing a fundamental mode cavity [6].
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Figure 3. Emittance growth for various incoming beam
parameters. Colors correspond to the initial beam size, and the
initial emittance is 1 µm. The top row are the simulation result
without CSR and the bottom row are the result with CSR. The
bunch length is fixed to 2 mm while the chirp is -2 m−1 for the left
column and 0 m−1 for the right column.

Figure 4. Emittance growth for various beam parameters (a) without CSR
shielding and (b) with CSR shielding. Shielding gap is 2 cm for the dipole
magnets and 5 cm for remainder. Initial emittance is 1 µm, bunch length is
2 mm, and the chirp is -2 m−1.



5

1234567890

8th International Particle Accelerator Conference IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 874 (2017) 012061  doi :10.1088/1742-6596/874/1/012061

Figure 5. Emittance growth for various beam parameters with low angle
EEX beamline. The dogleg parameters are changed to 5◦ bending and 5 m
separation. Initial emittance of 1 µm and the chirp of -2 m−1 are fixed. The
bunch length is (a) 0.3 mm and (b) 2 mm.

4. Longitudinal-to-transverse jitter conversion

As described earlier, any longitudinal jitter before the EEX beamline is converted to the
horizontal jitter after a single EEX beamline due to the phase space exchange. In the double
EEX beamline, however, the second EEX beamline brings all properties back to its original
phase space, including jitter.

The jitter conversion along the double EEX beamline is shown in Figure 6a and b. For the
artificially generated 100 pC beam, initial timing offsets are applied as a longitudinal jitter.
When these beams arrive at the middle section (∼8 m), the timing jitter is fully eliminated
(See Figure 6b) and the beam has horizontal offsets (See Figure 6a). Once the beam passes
the second EEX beamline, all horizontal offsets in the middle section disappear and the timing
jitter appears again. Since the AWA-EEX beamline, with weak focusing, provides a little bunch
compression, the final timing jitter is slightly reduced.

Figure 6c shows the emittance difference along the double EEX beamline due to timing jitter.
At the end of the beamline, the largest emittance difference between the reference and the one
with timing jitter is only 0.15 µm for -5 ps offset (initial emittance is 1 µm). This emittance
growth may come from the mismatch of the EEX condition in the second EEX beamline. (As
a proof, even the transverse offset is not fully eliminated.) Another possibility is the emittance
growth in the middle section. A large transverse offset in the middle section makes the beam
pass the off-axis of the quadrupole magnets which introduce extra nonlinear fields. Even in this
case, the emittance growth is reasonably small compared to the large timing offset, so it is not
a major issue.

5. Summary and future work

We performed simulations to study the emittance growth due to CSR and the jitter conversion
issue in the EEX beamline. We observed the trend of emittance growth originated from the
higher order effect, thick-lens effect and CSR. We showed that the shielding method and the low
bending angle suppress the emittance growth very effectively. The longitudinal jitter before EEX
is converted to the horizontal offset in the middle section, and it is re-converted to longitudinal
jitter by the second EEX beamline. During this process, the emittance is almost preserved and
the jitter is slightly reduced.

Since this work was a simple scan-type simulation to study emittance growth and jitter issues,
a theoretical study is required for further insight. We are also exploring the emittance growth
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Figure 6. (a) Horizontal position, (b) timing, and (c) transverse
emittance differences between the reference beam and the beam
having initial timing offset. Simulation is done with 100 pC beam
along the double EEX beamlie. ∼8 m is the middle section.

for high charge beam and trying to find other effective methods to suppress CSR.
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