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Formation of electron bunches for harmonic cascade x-ray free electron lasers
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Specific requirements for the electron beam in harmonic cascade-free electron lasers, together with
means to produce such beams, are presented. All results are illustrated with simulations and particle

tracking studies.
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I. INTRODUCTION

The operation of x-ray free electron lasers (FELs) relies
on extremely high quality electron beams. Two FEL
projects employing the technique of self-amplified sponta-
neous emission define the state-of-the-art situation: peak
current of few kiloamperes, emittance of 1 mm-mrad or
less, and an energy spread of 1 MeV or less [1,2]. Creation
of electron bunches with these parameters is a difficult and
elaborate process consisting of the electron bunch produc-
tion, acceleration, and compression. A significant under-
standing was gained in the underlying physics over the past
decade [3—7]. The main phenomena affecting electron
bunches includes space charge effects, wakefields, and
coherent synchrotron radiation (CSR). Nonlinearity of
the waveform of the accelerating field in the linac and
nonlinear time-of-flight characteristics of bunch compres-
sors also play an important role.

More demanding for the electron beam quality are FELs
that are designed to generate temporally coherent x-rays.
These FELs, called high-gain harmonic generation FELs
or harmonic cascade FELs (HC FELs) [8—10], employ a
laser to seed the radiation at a lower harmonic of the output
FEL radiation. Very often several FEL cascades are used to
obtain the radiation at the x-ray wavelength. In these cases,
the radiation produced in one cascade by one group of
electrons proceeds ahead and interacts with other electrons
from the same electron bunch in the next cascade. Thus,
relatively long electron bunches are needed to accommo-
date this technique. It is important to have a constant peak
current (i.e. a flat electron density distribution) over the
entire bunch length, and a discussion of the means to obtain
this is one of the objectives of this paper. We also propose a
technique aiming for control of the peak current spikes at
the edges of the electron bunch. Those spikes often occur
after the final bunch compression and are capable of in-
ducing unwanted wakefields and coherent synchrotron
radiation.

It is largely anticipated that HC FELs will be used for the
production of relatively long temporally coherent x-ray
pulses with a narrow bandwidth. However, a nonlinear
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energy modulation of electrons in the electron bunch can
cause a frequency chirp in the output signal [11,12] which
broadens the bandwidth significantly beyond the Fourier
transform limit.! The rf harmonic linearizer [13] often
helps to remove major nonlinear components in the energy
modulation of electrons, but, frequently, even the remain-
ing modulation significantly broadens the bandwidth, in
particular, when strong linac structural wakefields are
present. In this paper we propose a complementary tech-
nique which employs a specially shaped distribution of
electron density and the wakefields themselves in order
to avoid the remaining energy modulation of electrons. We
also give a simple recipe on how to find such a distribution
and demonstrate its usefulness with a practical example.

The overall goal for a design of the electron beam
delivery system responsible for the formation of the elec-
tron bunches for HC FEL is to obtain a so-called flat-flat
distribution, i.e., flat in the peak current and flat in the
energy, which means that there are no peak current and
energy modulations of electrons along the electron bunch.
The technique discussed in this paper allows achievement
of this goal on a macroscale comparable to the bunch
length, but does not deal with the peak current and energy
fluctuations on a microscale of few tens of microns often
caused by the microbunching instability. This problem has
already been addressed in the literature (see [4,14] and
references therein).

II. REVERSE TRACKING

The origins of the energy modulation of electrons ap-
pearing on a scale comparable to the electron bunch length
include nonlinear time dependent variations of the rf fields,
linac structural wakefields, and resistive wall wakefields.
CSR also causes energy modulation on a scale comparable
to the electron bunch length, but, typically, with smaller
amplitude than that of other effects. A combined action of
wake and rf fields plus bunch compression manipulations

"Bandwidth broadening can also be caused by a frequency
chip in the seed laser.
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in the magnetic chicanes form the final electron beam
distribution in the longitudinal phase space. We note that
all these effects do not cause a mixture of electrons in the
phase space and are reversible. Therefore, the basic phi-
losophy that we follow in this paper is that the output bunch
configuration is largely predetermined by the input bunch
configuration and, thus, it is possible to find a unique
electron density distribution at the beginning of the linac
that produces a flat-flat distribution at the end of the linac.
Finding this distribution can be relatively easy. One just
needs to reverse the problem, i.e., start at the end of the
linac and move backwards towards the beginning of the
linac. Equation (1) shows that for a given normalized
electron density distribution A and the point-charge wake
function w, the relative electron energy 8 = (E — Ey)/E,,
where E; is the equilibrium energy, defined at the end of a
section of the linac as 6 can be determined using coor-
dinate s; (measured with respect to the bunch center) and
the electron energy 0, at the beginning of this linac section:

8,(s,) = 8i(s) + eEZ[coswsi + $) — cos(e)]

2
+ ¢ NLuce [s' w(s; — s))A(s")ds’. (1
Ey 0
Here U, ¢, L, are the voltage, phase, and length of the
linac section, k is the rf wave number, e is the electron
charge, and N is the number of electrons in the bunch. In a
relativistic beam the electron distribution function A does
not change during acceleration and the electron coordinate
at the end of the linac s, remains the same as that at the
beginning of the linac, i.e. s; = s,. Therefore, Eq. (1) can
be used to define &,(s;) as a function of 6/(s; = s;). Thus,
beginning with a desirable electron distribution at the end
of the linac, one can find the distribution at the start that,
once tracked forward, will reproduce the desired distribu-
tion at the end of the linac.

A different situation arises in a bunch compressor where
the electron coordinate at the end of the bunch compressor
sf(5 f) becomes a function of the electron coordinates s;
and energy 0; at the beginning of the bunch compressor
and where electron energy losses occurred during passage
through the bunch compressor:

s5p(87) = 51(8;) + Rs68; + Ts6667 + fesr(sy)
+ frw(s) ..., 2

where Rsg, Tsq6 are first and second order time-of-flight
parameters and the functions f-qg and frw describe
changes in the electron coordinate caused by electron
energy losses occurred inside the bunch compressor due
to the CSR and resistive wall wakefields. However, in the
case of a smooth electron density distribution, the emission
of synchrotron radiation is coherent at frequencies w =
c/{,, where c is the speed of light and ¢, is the character-
istic length of the scale of the bunch length [15]. Because

the electron bunch moves inside the vacuum chamber, most
of the spectral components of the CSR do not propagate if
€, is relatively long, as it is often the case for HC FEL.
Therefore, the loss of electron energy due to CSR is often
much smaller than otherwise expected in a free space
environment (see Fig. 1). As for the energy losses due to
the resistive wall wakefields, they are also weak inside the
bunch compressor or can be made weak by a proper choice
of the aperture of the vacuum chamber.

Thus, if one ignores CSR and resistive wall wakefield
and assumes that the electron energy is not affected in the
bunch compressor, i.e. fcsg = frw = 0and 6, = §;, then
the electron coordinate at the beginning of the bunch
compressor can be found using the electron coordinate at
the end of the bunch compressor using Eq. (2).

The above considerations justify a concept of reverse
tracking demonstrated in Fig. 2 using plots of the longitu-
dinal phase space and the electron peak current. Figure 2(a)
shows the result of conventional forward particle tracking
obtained with LITRACK [17] starting with the electron
distribution at the beginning of the linac at approximately
100 MeV beam energy where the electrons are already
sufficiently relativistic and Fig. 2(b) shows the reverse
tracking starting with the distribution obtained at the end
of the first tracking [see bottom part of Fig. 2(a) and top
part of Fig. 2(b)]. The result of this tracking [bottom part of
Fig. 2(b)] agrees well with the initial distribution [top part
of Fig. 2(a)].

In the next step, a desirable flat-flat distribution was set
up at the end of the accelerator. Starting with this distribu-
tion and tracking it backward, the nearly linear ramped
peak current shown in Fig. 3 was obtained at the starting
point. This result can be understood if one uses the wake
function for an accelerating section consisting of an array
of cells [18]:
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FIG. 1. Suppression of CSR due to the shielding effect from

the vacuum chamber with a gap of 8 mm. This result was
obtained by following the recipe proposed in [16].
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FIG. 2. Plot (a) shows forward particle tracking and plot (b)
shows reverse particle tracking. Here and through the rest of the

paper, the head electrons have negative s.
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FIG. 3. (Color) Reverse tracking beginning with flat-flat distri-
bution at the end of the accelerator (top) and moving towards
beginning of the accelerator (bottom).

Zyc
w(s) = —A =" exp(—/s/so) 3)
ma
and convolute it with the linear ramped peak current dis-
tribution shown with the red line in Fig. 4(a) to obtain the
wake potential

4

W(s) = Ly fs w(s — s")A(s")ds’

shown with the red line in Fig. 4(b). Here a is the iris
radius, Zo = 377 ) and A = | and s, are fitting coeffi-
cients. As seen in Fig. 4(b), the wake potential is highly
linear and this is why the final distribution is flat in energy.

One can also consider applying the above described
technique in a case when all or some of the adapted
constraints such as weak CSR or wakefields in the bunch
compressors are not completely met. In this case a back-
ward tracking without CSR and wakefields can provide a
good starting point for iterative processes in a search of a
proper distribution.

Producing the linear ramped peak current distribution at
the beginning of the linac is a challenging task addressed in
[19]. The main idea is to use the photocathode laser and to
shape the intensity of its pulse such as to produce the
electron density distribution at the cathode that will even-
tually evolve due to the space charge forces into the linear
ramped peak current distribution at the end of the injector
(assumed to be at approximately 100 MeV). Simulations
show the best distribution (shown with the red curve in
Fig. 5) has a characteristic quadratic ramp in the electron
density. This distribution evolves into the one shown with
the black line in Fig. 4(a), where the linear ramp in the
electron peak current occupies a larger fraction compared
to all other tried cases.

Now consider a condition that allows a conversion of a
linear ramped peak current at the beginning of the accel-
erator into the flat distribution at the end of the compres-
sion. A compression factor can be defined as

o
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FIG. 4. (Color) (a) Electron distribution with a linear ramped
peak current and (b) a correspondent wake potential calculated
for a = 9.73 mm, sy = 1.28 mm, and L,.. = 24 m. The red line
shows a desirable ideal distribution and its associated wake
potential. The black line shows the realistic electron density
distribution obtained in the photoinjector using the intensity
shaped laser pulse (a), and the wake potential that corresponds
to that distribution (b). The part under the red line contains
approximately 40% of the total charge containing under the
black line.
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FIG. 5. (Color) The electron density distribution at the cathode
(red curve) that evolves into the distribution with a linear ramped
peak current shown in Fig. 4(a) with the black curve. The on-axis
longitudinal space charge field (blue curve) of this distribution
has a significant plateau part.

C=1,/1 (&)

where [, is the peak current after compression and 7, is the
peak current before compression. A transformation from a
linear ramped peak current I, = I,y + I} s to the flat dis-
tribution I, = I,; = const can be obtained with

C™l =TI/l + sI},/ 1, (6)

i.e. with a compression factor that gradually decreases
from the head to the tail of the electron bunch. On
the other side, the inverse of the compression factor is
conventionally defined as C~! = 1 + hRss, where h =
d(AE/E)/ds is the energy chirp in the electron bunch.
Thus, Eq. (6) can be satisfied if one uses the energy chirp
with a quadratic component, i.e. & = hy + h's, where
/
o 1 b o
R56 I a0
This result can be easily generalized. For example, in
some cases a distribution with the maximum peak current
at the head of the bunch gradually tapering off towards the
tail can be beneficial for HC FEL, i.e., one may want [, =
1,0 — Is. Performing a similar analysis, one can find that
this distribution can be obtained with a slight modification
to the quadratic energy chirp:

1 I I'1
/| — b a’b0
h __R<1_Jr 2 )
56 \ta0 a0

®)

ITI. BIFURCATION IN PHASE SPACE AND PEAK
CURRENT SPIKES

The peak current spikes at the edges of the compressed
electron bunches are largely due to the compressor’s sec-

FIG. 6. Electron distribution in the longitudinal phase space:
(a) before bunch compressor, (b) after the bunch compressor.

ond order time-of-flight parameter 7Ts¢, and the cubic
chirp in the electron energy distribution u = d*E/ds>.
Both of them cause the bifurcation in the phase space
whose example is shown in Fig. 6(b). Controlling u is
likely the only way to control the bifurcation for a given
Rse since Tseq is often bound to Tseq = —3/2Rs¢ if
sextupoles are not used in the bunch compressor.

Figure 7 shows a typical example that demonstrates
how the change in u from —0.008 MeV/mm?® to
—0.088 MeV/mm? in the electron energy distribution cre-
ated in the injector removes the bifurcation after the bunch
compressor. Related to that is a drop in the spikes in the
peak current from ~5 kA in the first case to approximately
a no spikes condition in the second case. Apart from the
cubic energy chirp, the same initial distributions were used
in both cases.

It should be pointed out that the distribution in Fig. 7(a)
is “flat” in energy and in peak current, while the distribu-
tion in Fig. 6(b) is neither flat in the energy nor is it flat in
the peak current. By using a cubic energy chirp as a knob,
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FIG. 7. Longitudinal phase space and peak current
distributions:  (a) = —0.008 MeV/mm?, (b) u=

—0.088 MeV/mm>.
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FIG. 8. The illustration for the removal of the spikes in the
peak current at the electron bunch edges using adjustment in the
Rse of “dog-leg” lattice: (a) Rsq = 2.8 mm, (b) Rsq = 7 mm.

FIG. 9. (Color) The electron density distribution in the longitu-
dinal phase space (left plot) and a histogram of the peak current
(right plot) at the entrance of the FEL undulators calculated for
the FERMI@ElIettra linac.

one can obtain either flat-flat distributions or distributions
without spikes rather routinely, but not both features at the
same time. Simply having just one knob is not enough.
However, one can effectively employ the peak current
distribution in the gun to provide the needed w using the
wakefields. In the case of strong wakefields this method
was found to be much more effective than a correction
using high harmonic cavity [20]. This approach already
gave good results in the case of the distribution shown with
the black line in Fig. 4(a).

The electrons sitting at the edges of the electron bunch
often deviate in energy from the energy of most other
electrons. This feature can be explored in a complementary
procedure for the removal of the spikes in the peak current
if the electron distribution in the phase space has a char-
acteristic s-type shape, like one shown in Fig. 8. (We note
that the s-shaped distribution in the longitudinal phase
space at the end of the linac appears rather naturally
when ramped peak current in the injector is used.) Then,
it is possible to dissolve clusters of electrons at the edges of
the electron bunch by sending the electron beam through
the lattice with a properly adjusted time-of-flight parameter
Rs¢. Typically a “dog-leg” type lattice is used to connect
the end of the linac to a chain of FEL’s undulators and the

necessary adjustments in Rs¢ can be easily done there. The
example of the application of this technique is shown in
Fig. 8.

The particle tracking code ELEGANT [21] was used in
order to obtain the electron distribution in the longitudinal
phase space and a histogram of the electron peak current at
the entrance of the FEL, thus verifying the validity of all
the techniques described here. These calculations were
performed for FERMI@Elettra linac [22] using a ramped
peak current distribution at the entrance of the linac shown
with the black line in Fig. 4(a). The result of these calcu-
lations is shown in Fig. 9. We note that these calculations
included CSR effects in the bunch compressors, but pre-
dictably its impact is not much visible on a large time scale.

IV. CONCLUSION

In the presence of wakefields, the electron density dis-
tribution plays an important role in the formation of elec-
tron bunches at the end of the accelerator. Often the
capability to manipulate the electron density during accel-
eration and compression is limited and cannot provide the
wanted results. However, use of the laser in the photo-
cathode gun opens a new opportunity to affect the electron
density distribution by controlling its intensity. This paper
provides a practical example where the electron density
distribution with a linear ramped peak current, obtained
through a quadratic ramp in the laser intensity, had many
useful implications.
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