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Abstract 
The microbunching instability in linear accelerators can 

significantly increase the energy spread of an electron 
beam.  The instability can be suppressed by artificially in-
creasing the random energy spread of an electron beam, but 
this leads to unacceptably high energy spreads for future 
XFEL systems.  One possibility of suppressing this insta-
bility is to use laser assisted bunch compression (LABC) 
instead of the second chicane in an XFEL system, thereby 
eliminating the cascaded chicane effect that magnifies the 
microbunching instability.  An experiment is proposed at 
ATF to test this concept, and numerical simulations of the 
experiment are shown. 

INTRODUCTION 
There are several reasons why the eSASE [1] and 

LABC [2] schemes are promising and are being considered 
for future, more affordable Xray free electron lasers, in-
cluding the fact that they can reduce the effects of CSR, 
ISR, and undulator wakes [3]. One of the most important 
differences of an eSASE or LABC accelerator compared 
with a conventional accelerator is that these accelerators 
reduce the effects of the microbunching instability 
(MBI) [4]. Here we propose an experiment where an elec-
tron beam is compressed to similar amounts with 2 bulk 
chicanes and with the LABC scheme, in order to verify that 
this technique can supress the MBI. 

The Accelerator Test Facility (ATF) at Brookhaven Na-
tional Laboratory (BNL) is an ideal location for experi-
mentally verifying if the proposed compression 
architecture can suppress the MBI [5].  

One of the most complicated aspects of our planned 
experiment is the existence of the dogleg at ATF.  If we are 
not careful, the dogleg can modify the longitudinal current 
profile of the electron bunch, and can alter the results of 
our experiment.  By carefully tuning the quads in the 
dogleg, the dispersive properties can be eliminated.  We 
will show with simulation that the proposed compression 
architecture can meet its MBI suppression goal. The ATF 
beamline as well as the laser modulator and small chicane 
needed for the MBI suppression experiment are modeled 
in the numerical ELEctron Generation ANd Tracking 
(ELEGANT) code [6].  

In Fig. 1, we show the predicted microbuncing gain of 
our experiment, for both the bulk compression and the 
LABC case. The idea is that we need to eliminate disper-
sion from the dogleg at wavelengths that are relevant to the 
microbunching gain, so that MBI will be preserved. In the  

Figure 1: Predicted microbunching gain for the proposed 
eSASE and bulk compression schemes at ATF. 

following, we will discuss three issues that arose when try-
ing to set up the beamline simulation to transport an elec-
tron bunch while also preserving the longitudinal structure 
we wish to analyze. Further, we provide matching optics 
parameters for bunches with two different energy spreads. 

MINIMIZING DISPERSION 
A schematic of the relevant optics that will be modelled 

is shown in Fig. 2. The dogleg must be tuned such that the 
amount of dispersion introduced to the bunch is minimized. 
Particles with varying momenta will be deflected differ-
ently by the two bending magnets that constitute the dog-
leg, i.e. higher momentum particles will be bent through a 
smaller angle and lower momentum particles through a 
larger angle. In addition, some particles will have a differ-
ent path length through the dogleg than the ideal particle. 
This path length difference will result in particles arriving 
at the end of the dogleg at different times relative to their 
neighbors and the mismatch in arrival times will smear the 
longitudinal structure of the beam. 

Figure 2: Drawing of the ATF beamline section that we 
model in ELEGANT. The beam propagates towards the 
right through the beamline. 

In order to preserve the longitudinal structure of the 
beam, the matching optics in the dogleg need to be tuned 
such that the difference in path length, 𝑙, between particles 
of differing momenta is zero, i.e. 𝛥𝑙 ≡ 0 between the 
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points 𝑠 ൌ 0 and 𝑠 ൌ 𝑠ଵ independent of the momentum 
spread of the particles. Because the dogleg at ATF contains 
only two bending magnets, the difference in path length of 
the particles cannot be made zero. To make the particle 
path length difference through the dogleg as small as pos-
sible we utilized the optimization features integrated in the 
ELEGANT code to minimize the 𝑅ହଵ, 𝑅ହଶ, and 𝑅ହ଺ trans-
fer matrix elements of the beamline. These three elements 
describe how a particle’s 𝑧-coordinate changes from the 
beginning to end of the beamline based on its 𝑥- and 𝑥ᇱ-
coordinates and momentum spread, respectively.  

The optimization of the dogleg was done utilizing all 
available quadrupoles: the triplet before the dogleg, the 
quadrupoles in between the bending magnets, and the dou-
blet after the dogleg. We set the optimization parameters 
listed in Table 1. These parameters had an upper limit so 
that ELEGANT had flexibility in converging to a solution. 
A small 𝑅ହ଺ for the dogleg was deemed acceptable because 
the 𝑅ହ଺ of the second small magnetic chicane could be de-
creased to compensate. Hence, the weight for the 𝑅ହ଺ con-
straint was set to 0.5. 

Table 1: Optimization Parameters 

Optimization 
Term 

Value Weight

Sx ≤ 50e-6 m 1.0 
Sy 
Sx’ 
Sy’ 
R51^2 
R52^2 
R56^2 

≤ 50e-6 m 
 ≤ 1.0 
 ≤ 1.0 
 < 0.01 

  < 0.01 m 
  ≤ 0.2 m 

1.0 
  1.0 
  1.0 
  1.0 
  1.0 
  0.5 

After optimization, the dogleg had very low disp-
ersion values: R51=0.09953 m, R52=-0.09525, 
and R56=-0.2757 m.  In this optimization the bunch 
length increases from its initial rms size of 500 µm by 
just 200 nm, or just 0.04% of the initial bunch length. 
This is low enough so that the microbunching 
instability will not be suppressed. 

The transverse phase space distribution which results 
from these optimized matching optics is shown in Fig. 3. 
The bunch has an rms size of about 25 µm in both x and y, 
0.7 mrad in x’ and 0.3 mrad in the y’ coordinate. 

Figure 3: Transverse phase space of the bunch at the 
entrance of the laser modulator. 

In order to test if the beam would modulate properly af-
ter the dogleg, a laser modulator was added into the ELE-
GANT simulation.  The modulator had the properties of the 
RUBICON modulator at ATF [7]: total length 0.55 m, peak 
field 0.62 Tesla, 11 periods, and a laser wavelength of 
9.2 µm. The peak power of the laser modulator element is 
calculated with the equation for electron energy modula-
tion amplitude for electrons interacting with a resonant la-
ser field [2]: 𝛥𝛾 ൌ ට௉ಽ௉బ 2𝐾௠𝑁௠𝜆௠ሾ𝐽଴ሺకଶሻ െ 𝐽ଵሺకଶሻሿ/𝛾𝜔଴,

௠ ௠
where 𝑃௅ is the peak laser power, 𝑃଴ ൌ 𝐼஺𝑚𝑐ଶ/𝑒 ൎ 8.7GW, 𝑁௠ ൑ 0.05𝛾/𝛥𝛾௠ is the number of undulator period of the 
modulator, 𝜉 ൌ 𝐾ଶ /ሺ2 ൅ 𝐾ଶ ሻ, where 𝐾௠ is the undulator 
parameter, 𝜔଴ is the laser spot size, and 𝜆௠ is the modula-
tor period. The modulation amplitude for this experiment 
is determined by the normalized modulation parameter, 𝐴 ൌ 𝛥𝛾/𝜎ఊ ൌ 12. Figure 4 shows the modulated beam. 

Figure 4: Longitudinal energy distribution of the modu-
lated bunch (left), and zoomed in view of the same bunch 
(right). 

INCREASED ENERGY SPREAD 
In previous experiments at the ATF where laser modula-

tion was used, such as the RUBICON and NOCIBUR ex-
periments [7], simulations used a fractional momentum 
spread of 0.0015. However, in the simulation documented 
above, the fractional momentum spread was only 0.00001. 
Because a higher energy spread would itself suppress the 
MBI, the ATF will need to deliver a beam with as low an 
energy spread as possible. In the following, we study the 
effects of having this higher energy spread on the matching 
optics and laser modulation. The results will allow us to 
anticipate any potential issues that a higher energy spread 
could have on our experiment. 

The bunch parameters in the ELEGANT simulation 
were updated to reflect the new energy spread. Likewise, 
the larger energy spread requires changing the peak power 
of the laser beam to achieve the required modulation pa-
rameter, 𝐴 ൌ 12. The required peak laser power is now 
76.27062 MW. 

With the same 𝑅ହ଺ as the previous optimization and the 
increased energy spread, the path length difference in-
creases significantly. To compensate for the increased en-
ergy spread, the 𝑅ହ଺ of the beamline needs to be decreased. 
At the same time, the 𝑅ହଵ and 𝑅ହଶ or the beamline must be 
kept small to mitigate lengthening due to the particles’ 𝑥 
and 𝑥ᇱ-coordinates. 
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Table 2: High Energy Spread Optimization Parameters 

Optimization 
Term 

Value Weight

Sx ≤220e-6 m 1.0 
Sy 
Sx’ 
Sy’ 
R51^2 
R52^2 
R56^2 

≤220e-6 m 
   ≤ 0.0007 
   ≤ 0.0007 
   < 0.05 
 < 0.05 m 
 ≤ 0.016 m 

1.0 
  1.0 
  1.0 
  1.0 
  1.0 
  0.8 

In order to mitigate the larger spread in 𝑥ᇱ and the slope 
on the longitudinal energy distribution, we had to reopti-
mize the matching optics in the beamline. Further, there are 
a number of limitations placed on the bunch in the previous 
simulation that can be relaxed so that ELEGANT is able to 
achieve convergence in the upcoming optimization. Fi-
nally, ELEGANT had trouble converging to a solution with 
the available quadrupoles. The beamline was extended to 
include Triplet 1 shown in Fig. 2. In addition, the maximum 
allowable transverse size of the electron beam at the laser 
modulator was increased.  This is not an issue, because the 
~76 MW peak laser power from the previous simulation is 
far below the power capabilities of the BNL ATF CO2 la-
ser. 

Optimization with the higher energy spread, see Table 2, 
yields acceptable values for dispersion in the dog- 
leg: R51=0.450, R52=0.517, and R56=-0.0165. The 
bunch length from this simulation increases by just over 
1 µm.  This is an acceptable amount which will not 
disrupt the microbunching instability in the experiment. 

The transverse phase space of the bunch at the entrance 
to the laser modulator has a boomerang shape in the 𝑥 െ 𝑥ᇱ plane and has gained an odd wing shape in the 𝑦 െ 𝑦ᇱ plane as well (see Fig. 5). However, because the 
rms transverse size of the bunch is only about 104 µm in 𝑥 and 160 µm in 𝑦, and the spread in 𝑥ᇱ is only about 0.6 
mrad, the strange shape of the transverse phase space 
does not really have an effect on our simulation. The 
bunch achieves all of our re-quirements, is stretched 
minimally by passage through the dogleg deflecting 
system, and it gains a satisfactory energy modulation after 
going through the laser mod-ulator. Figure 6 shows 
the modulation on the electron beam. 

Figure 5: Transverse phase space of the higher energy 
spread bunch at the entrance of the laser modulator. 

Figure 6: Longitudinal energy distribution of the higher en-
ergy spread bunch after exiting the laser modulator. The 
full bunch is shown on the left and a zoomed in picture on 
the right. 

CONCLUSION 
We have shown with ELEGANT simulations that the 

quadrupoles in the ATF dogleg can be tuned to minimize 
the dispersion. When the dispersion is minimized, the 
spreading out of electrons inside the dogleg is low enough 
so that the MBI is not suppressed. This will allow us to 
execute our proposed experiment at ATF. We will compress 
the electron beam with a two stage compression, and ob-
serve the MBI. Then we will compress with the LABC 
scheme, and observe the suppression of MBI. 
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