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The effect of partial prebunching of an electron beam on the saturation length, efficiency, and

longitudinal coherence is studied for a nominal x-ray free-electron laser design. Results indicate that

partial prebunching of as little as 1% results in substantial (1) shortening of the saturation length,

(2) increases in the efficiency, and (3) improvement in longitudinal coherence.
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The recent success of the Linac Coherent Light Source
(LCLS) at the Stanford Linear Accelerator Center [1] in
producing coherent x rays from a free-electron laser (FEL)
has added impetus to the worldwide development of
4th generation light sources. The LCLS operates at a
wavelength of 1.5 Å and makes use of self-amplified
spontaneous emission (SASE) in which shot noise on the
beam is amplified in a single pass through the undulators.
The main drawbacks to SASE are (1) a long undulator is
required, (2) there is a relatively high level of shot to shot
fluctuations, and (3) relatively poor longitudinal coher-
ence. As a result, a number of alternative concepts are
under consideration for x-ray FELs. These concepts can
be grouped into three categories: (1) an oscillator design
using Bragg crystal reflectors [2], (2) seeding with a co-
herent signal at a subharmonic and then employing a
harmonic cascade [3], and (3) prebunching the electron
beam prior to injection into the undulator [4]. In this paper,
we focus on the concept of prebunching the electron beam.

Prebunching the electron beam is an established tech-
nique for increasing the efficiency and decreasing the
interaction length in microwave tubes such as twystrons
and inductive output tubes that employ gridded electron
guns. More recently, a number of techniques have been
proposed to prebunch the electron beam at shorter wave-
lengths such as x-ray wavelengths [4–6]. The concept
relies on the fact that, if the beam is bunched on scale
lengths comparable to or shorter than the desired wave-
length, then the resonant wavelength is strongly excited
without a drive signal. As a result, the output signal is
temporally coherent and the interaction length is greatly
reduced. Furthermore, with the strong interaction between
the optical and prebunched electron beams, optical guiding
can occur immediately after the coherent radiation is gen-
erated, thereby minimizing the interaction length and
relaxing the beam emittance requirement. In this paper,

we consider the efficacy of prebunched electron beams on
the interaction in an x-ray FEL. However, due to incoher-
ent spontaneous emission induced energy spread, it may be
difficult to fully prebunch an electron beam at x-ray
wavelengths; hence, we consider the effect of partial pre-
bunching (consisting of a modulation of the electron bunch
at the desired wavelength) on the interaction.
For simulation purposes, a prebunched beam model has

been incorporated into the three-dimensional, polychro-
matic, time-dependent FEL simulation code MEDUSA [7].
MEDUSA [7–9] can model both planar and helical undula-

tors and treats the electromagnetic field as a superposition
of Gaussian modes. The field equations are integrated
simultaneously with the three-dimensional Lorentz force
equations. No wiggler-average orbit approximation is
used, and MEDUSA can propagate the electron beam
through a complex wiggler/transport line including mul-
tiple wiggler sections, quadrupole and dipole corrector
magnets, FODO lattices, and magnetic chicanes. Since it
is polychromatic and time dependent, MEDUSA can treat
both sidebands and harmonic radiation, and macroparticles
can be initialized in such a way as to simulate SASE [9].
MEDUSA has been successfully validated by comparison

with several FEL oscillator [10], amplifier [11,12], and
SASE experiments [13].
The prebunching model in MEDUSA [7] has been ex-

tended to describe partial prebunching in the phase space
using a distribution of the form

Fðc Þ ¼
8><
>:

1��b

2� þ 2�b

c w
sin2

�
�c
c w

�
; 0 � c � c w

1��b

2� ; c w < c � 2�

(1)

which is illustrated in Fig. 1. Here c w (� 2�) defines the
width of the bunch, �b denotes the bunching fraction
which is defined as the ratio of the bunched charge [i.e.,
the area under the sin2 function for which 0 � Fðc Þ �
ð1� �bÞ=2� � 2�b=c w] to the total charge, and the in-
tegral of the distribution over the interval ½0; 2�� is unity.
Observe that complete bunching is found in the limit as
�b ! 1 while a uniform beam is recovered when �b ! 0.
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The example under consideration is that of an x-ray FEL
operating at a wavelength of 0.248 Å. The electron beam
has an energy of 20 GeV, a bunch charge of 100 pC, a
bunch duration of 30 fsec, normalized emittances (in both
the x and y directions) of 0.3 mmmrad, and an rms energy
spread of 0.004%. The undulator line is composed of 30
undulator segments each of which has a peak on-axis
amplitude of 9.3 kG, a period of 2.4 cm, and a length of
140 periods of which the first and last periods describe an
up- and down-taper to match the electrons into and out of
the undulator. The gaps between the undulators are 36 cm
in length. A FODO lattice is composed of 29 quadrupoles
located between the undulators (centered 21 cm from the
end of the preceding undulator) each of which has a field
gradient of 10:8 kG=cm and a length of 5 cm. The Twiss
parameters at the entrance to the undulator line have been
chosen to give an optimal match through the lattice. This
was found to occur for an initial rms beam size of 14:2 �m
in the x direction and 13:2 �m in the y direction with�x ¼
1:0 and �y ¼ �1:0. Electron beam propagation through

the undulator line for these Twiss parameters is illustrated
in Fig. 2, where we plot the evolution in the beam enve-
lopes in the x (blue) and y directions (red).

These are challenging, but achievable, beam parameters,
since slice emittances of 0.3–0.4 mmmrad have been
achieved at the LCLS [1].

An important issue in regard to the impact of partial
prebunching is the degree of prebunching required to
dominate over shot-noise driven SASE [14,15]. In order
to address this issue, we consider the bunching parameter,
which is defined as b ¼ jheic ij. The bunching parameter
(which is distinct from our use of the term ‘‘bunching
fraction’’ to denote �b) can be calculated using the above
initial phase distribution (1), and we find that

b ¼ 4�2�b

c wðc w þ 2�Þ
sin�w

�w

; (2)

where �w ¼ ðc w � 2�Þ=2. For the case under considera-
tion here, we assume that c w ¼ 2�, so that b ¼ �b=2. In
contrast, SASE is driven by shot-noise induced micro-
bunching in phase, and the associated bunching parameter
is proportional to the inverse root of the number of
correlated electrons ðNeÞ, i.e., b ¼ 1=

ffiffiffiffiffiffi
Ne

p
. Since the num-

ber of correlated electrons is, typically, large, this means
that even small levels of prebunching can have a significant
effect. For example, the number of correlated electrons can
be estimated as [9,16]

Ne ¼ 4:3
LgIb�

�wec
; (3)

where Lg is the e-folding length, Ib is the peak current, � is

the wavelength, �w is the wiggler period, and e and c are
the electronic charge and the speed of light in vacuo,
respectively. For simplicity, and as we assume in the ex-
ample herein, if we assume that the bunch width c w ¼ 2�,
then the prebunching will dominate over SASE as
long as

�b � 0:96

ffiffiffiffiffiffiffiffiffiffiffiffiffi
�wec

LgIb�

s
: (4)

For the example under consideration, the Pierce parameter
� � 3:5� 10�4 and the e-folding length is of the order of
4.3 m; hence, Ne � 1:4� 106 and the shot-noise induced
bunching parameter is b � 8:5� 10�4. As a result, even
bunching fractions of 0.5% or less can be expected to
overwhelm the shot-noise induced SASE.
The principal point we address in this paper is the

advantage partial prebunching confers in the saturation
length, output power, and longitudinal coherence over the
case of SASE. To this end, we have simulated the FEL for
choices of �b over the entire range from 0 ! 1. The
evolution of the x-ray pulse energy versus distance along
the undulator line is shown in Fig. 3. Here we consider pure
SASE and partial prebunching of 1%, 10%, 40%, and
100%, respectively. It is evident in the figure that even
partial prebunching results in substantially shorter satura-
tion distances and higher output energies.
Pure SASE saturates after a distance of about 95 m with

pulse energy of 0.48 mJ. For the pulse length of 30 fsec,
this is equivalent to a power of about 16 GW. The e-folding
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FIG. 2. Beam propagation through the undulator line.
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FIG. 1. Schematic of the partially prebunched phase space
distribution.
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length is about 5.7 m. Analytic estimates of the perform-
ance [17] predict an e-folding length of 4.4 m and a
saturated power of 22 GW, which is in reasonable agree-
ment with the simulation. In contrast, complete prebunch-
ing (�b ¼ 1:0) saturates after 24 m with a pulse energy of
0.69 mJ. Intermediate levels of partial prebunching require
longer saturation distances, but even 1% prebunching
results in a substantially shorter saturation distance than
pure SASE.

A summary of the variation in the x-ray pulse energy
(circles) and saturation distance (diamonds) versus bunch-
ing fraction is shown in Fig. 4. It is clear from the figure
that the saturation distance initially decreases sharply with
increasing bunching fraction but rolls over to a more
gradual decline once the bunching fraction increases be-
yond about 30%. Nevertheless, the saturation distance is
about 69 m for a bunching fraction of 1%, which is still
substantially shorter than that for pure SASE. It is also
apparent from the figure that the x-ray pulse energy even
for partial prebunching is also substantially increased over
pure SASE, and that a peak of about 0.75 mJ is found for a
bunching fraction of about 1% and varies weakly with
bunching fraction as �b increases to unity.

An important characteristic of the output pulse is the
longitudinal coherence. To address this issue, we plot the

rms linewidth (defined as ��rms=�avg, where �avg ¼
0:248 �A) of the output radiation at saturation versus the
bunching fraction in Fig. 5. It is clear from the figure that
the linewidth drops rapidly as the bunching fraction in-
creases from zero. The linewidth for SASE found in simu-
lation is ��rms=�avg ¼ 2:46� 10�4 at saturation, which is

close to the theoretical value of 2:87� 10�4 [18]. The
linewidth decreases by almost an order of magnitude as
�b increases to 1% where 2:90� 10�5 at saturation. This
is because even 1% prebunching overwhelms the shot
noise and results in a coherent interaction. The linewidth
decreases further as �b increases to 10% at which point
��rms=�avg ¼ 1:48� 10�5, after which it is relatively

insensitive to increases in �b where ��rms=�avg varies

within the range of about 1:49� 10�5–1:84� 10�5. This
narrowing of the linewidth with partial prebunching is
shown dramatically in Figs. 6 and 7 where we plot the
spectra at saturation for pure SASE and for a bunching
fraction of 1%, respectively.
The sensitivity of the interaction to the energy spread

both for SASE and for partially prebunched beams is
illustrated in Fig. 8, where we plot the normalized effi-
ciency (defined as the ratio of the efficiency at the specified
energy spread to the efficiency in the absence of an energy
spread). The case of a vanishing bunching fraction, as
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before, corresponds to SASE. The points on the curve for
the case of SASE were obtained from analytic theory [17]
while those for bunching fractions in the range of 1%–20%
were found from simulation. It is evident from the figure
that the sensitivity of the interaction to increasing energy
spread is comparable for SASE as well as for prebunched
beams.

In summary, we have examined the effect of prebunch-
ing on the output pulse energy, saturation length, and
longitudinal coherence in an x-ray FEL. While the specific
parameters considered herein are challenging, we believe
that they are achievable; however, the basic effects of even
partial prebunching are relevant to FELs operating at any
wavelength with a wide variety of electron beam parame-
ters. The results indicate that substantial (1) increases in
output pulse energy, (2) shortening in the saturation length,
and (3) improvements in longitudinal coherence are pos-
sible with even modest levels of prebunching (i.e., 1% or
less). Indeed, if the bunching ratio for the partial prebunch-
ing exceeds that for SASE, then the SASE is overwhelmed

and the effect of increasing the bunching fraction is rela-
tively mild. In view of the fluctuations in the output of
SASE FELs in terms of both power and spectral properties,
the ability to partially prebunch an electron beam prior to
injection into the undulator line may represent the next
generation in coherence light sources.
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