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Abstract

We present the experimental investigation of a collective effect driving strong
modulation in the longitudinal phase space of a high-brightness electron beam. The
measured beam energy spectrum was analyzed in order to reveal the main parameters of
modulation. The experimental results were compared with a model of space-charge
oscillations in the beam longitudinal phase space. The measurements and analysis
allowed us to determine the range of the parameters of the observed effect on the
modulation dynamics and illustrate its potential impact on short-wavelength free electron
laser performance.
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1. Introduction

During the last decade a growing demand for a new generation of light sources
has initiated research and development on high-gain free electron lasers (FEL)'. New
light sources are required, having unprecedented brightness along with flexible temporal
properties of radiation in the extreme ultra-violet to X-ray wavelength range***°. These
requirements place serious constraints on the allowable quality of the “active medium” in
accelerators-FEL drivers. For successful operation of high-gain FEL, electron beam must
have a very small normalized emittance (~ 1 um) and a very high peak current (~ a few
kA).

Problems in the generation and transport of high-brightness beams led to intensive
investigation of possible instabilities, capable of degrading the beam quality. The studies
revealed several new effects, specific for high-brightness machines. One of these,
coherent synchrotron radiation in the bunch compressors, appeared to be able to amplify
any microbunching in the beam longitudinal phase space®"®°. In addition, longitudinal
space charge and linac wakefield can also drive the microbunching instability™****?,
These effects may be very large for short-wavelength FELs when multi-stage bunch
compression is incorporated. Possible solutions for suppressing this instability have been
proposed and studied®*?*,

Several years ago two FEL facilities reported observations of a new complicated
phenomenon. At the commissioning stage of Deep Ultra-Violet FEL (DUV-FEL at

NSLS, BNL) and TESLA Test Facility (TTF) FEL (DESY), strong modulation of the

electron bunch energy spectra was observed**>. During measurements of the bunch



length using the so-called zero-phasing method™® the energy spectra of the compressed
bunch exhibited spiky structure with subpicosecond spike separation. To reveal the main
properties of the structure, several experiments were proposed and performed'’ %%, In
this paper we discuss the results of an experiment at the DUV-FEL facility and compare
them with a simple model we developed.

The model® is based on the longitudinal space charge effect, which drives small
nonuniformities in the longitudinal bunch density into energy modulation along the
bunch. Small density clusters in the electron bunch create longitudinal space charge field
that accelerates particles at the head of the cluster and decelerate particles at the tail. This
initiates space-charge oscillations in the bunch as it travels along the accelerator. As a
result, the longitudinal phase space distribution of the electron bunch at the end of the
accelerator is strongly distorted. This effect is emphasized in the high-peak current
regime required for achieving high gain in a single-pass FEL.

Analysis of the model predicts sensitivity of the effect to the beam parameters. In
the experiment described in this paper, we studied the dynamics of the modulation with
respect to the beam energy, maintaining all other beam parameters constant.

In the next section of this paper we describe the experimental set-up and present
the results of the experiment. In the following section we discuss the numerical
simulation developed according to the model. Using the simulation we calculated the
amplitudes of energy modulation for different beam parameters and compared them with
measured data. In conclusion we summarize the results of this work and discuss their

significance on future X-ray FELS.



2. Experimental Description and data analysis

The experiment was performed at the DUV-FEL linear accelerator®* (Fig. 1). An
electron bunch with about 200 pC of charge was generated in an RF gun, driven by a 1.3-
mm-long laser pulse. The bunch was accelerated up to an energy of 71.5 MeV and
compressed in a magnetic chicane from a length of 1.2 mm FWHM down to 280 um,
which corresponds to 4 times the increase in the bunch peak current. The experimental
set-up consisted of two 3 GHz traveling wave accelerating sections following the chicane
and an energy spectrometer containing a bending dipole with a beam profile monitor
(Fig. 1).

The combination of amplitude and phase of the first section RF wave was chosen
in a way not only to change the energy of the beam centroid, but also to simultaneously
minimize the correlated energy spread remaining after compression. The second
accelerator section was carefully calibrated to provide a known amount of energy chirp,
which the spectrometer transformed into a spatial distribution on the downstream
monitor, viewed with a CCD camera.

Examples of chirped-beam energy (CBE) spectra are shown in Fig. 2. The local
brightness in the image is linearly proportional to the local amount of charge. The
horizontal coordinate of the beam image scales with energy; the position of the image
centroid is defined by the average beam energy. Electrons, located in the head (tail) of the
bunch, gain (lose) energy while traveling through the second accelerator section, but the
energy of the beam centroid stays constant. Therefore the bunch gets dispersed along the

horizontal axis of the monitor and the head (tail) of the bunch gets mapped on the right



(left) side of the monitor screen. This set-up is a particular implementation of the so-
called “zero-phasing” method of bunch length measurement™. Since we can measure
both the energy and the correlated energy chirp along the bunch, this method allows us to
calibrate the energy axis in units of time in the bunch rest frame.

The structure seen in the CBE spectrum in Fig. 2 was the subject of the
investigation. One could argue that the structure in the higher energy image looks sharper
and therefore that the modulation amplitude significantly increases with energy. Fourier
analysis of the energy spectrum confirms this conclusion: the spectral intensity at
modulation frequencies is indeed larger for higher energy. Surprisingly, this conclusion is
wrong. Careful analysis of the images in Fig. 2 shows that the product of modulation
amplitude and modulation wave number for 50 MeV is bigger than the value of energy
chirp imparted by the second accelerator section. This causes “overmodulation” of the
structure, which is sketched in Fig. 3. Therefore the CBE spectrum looks smoother for
lower energy. In addition, as a component of the spectrometer resolution, relative
intrinsic energy spread increases at lower energy, which furthermore reduces the contrast
of the image.

As we have shown in Ref. [20], the observed structure must contain a contribution
of modulation in longitudinal density, besides energy modulation. Direct experimental
determination of the content of longitudinal modulation is difficult because of lack of
high-resolution diagnostics in the femtosecond time range. To determine whether the
observed structure is dominated by energy modulation, we performed two additional

experiments™®**.



Using three focusing solutions with different beam envelopes (0.25, 0.5, 1.0 mm
RMS) we measured the sensitivity of the modulation to the change in beam size along the
zero-phasing section of the accelerator. It was explicitly shown that the strong
modulation, present when the beam size is small, almost vanishes at a larger beam cross
section®. The observed structure, if caused by modulation in the longitudinal density
should not be very sensitive to the change in transverse beam dimensions. On the
contrary, space-charge-induced energy modulation can have a strong dependence on the
beam size. In the next experiment we measured coherent transition radiation (CTR)
power from electron bunches with a drastically different modulation amplitudes under the
same experimental conditions. Measured values of power for various CTR wavelength
ranges did not differ for the two cases, indicating that the spectral content of density
modulation is comparable in both cases. These experiments have confirmed the
conclusion that the observed structure is dominated by energy modulation instead of
current modulation.

Manipulating with the first accelerator section, we varied the beam energy from
50 MeV to 110 MeV. All other beam parameters, including bunch length, average rms
transverse sizes (measured as ox ~ oy ~ 450 um), charge, etc., were maintained nearly
constant during the measurements.

A large number of CBE spectra were recorded for every value of energy.
Experimental data were analyzed in order to retrieve two main parameters of the

structure: time period and amplitude. A detailed description of the modulation analysis is

% Note, that the change of beam size along accelerator did not affect spectrometer resolution. Also beam

size variation occurred only after compressor.



given in?%. For this particular experiment we picked two modulation periods from each of
the recorded CBE spectra and averaged over each set of measurements related to the
same energy value.

The number of modulation periods and the modulation wavelength versus energy
are plotted in Fig. 4. The frequency bandwidth of modulation lies in the terahertz range.
Note that the average modulation wavelength decreases with energy while the number of
modulation periods increases with energy, so that their product, bunch length, is kept
constant in this experiment.

The dependence of the modulation amplitude on energy is shown on Fig. 5. The
average amplitude of modulation is found to be around 30 keV or 4- 10™ at an average
energy of 80 MeV. Although we do not have direct measurements of the intrinsic energy
spread, both the recent TTF photoinjector measurement® and the DUV-FEL high-gain
harmonic generation experiment® indicate that it is extremely small after typical
photoinjectors. PARMELA space charge simulation shows an rms value of ~2 keV at
about 200 pC?. This intrinsic energy spread is increased to about 8 keV after the chicane
(with a compression factor of ~4) due to the conservation of the longitudinal phase space.
Therefore modulation structure by far dominates uniform beam distribution, and the
spikes in the images corresponding to CBE spectra look very sharp. Since the beam has a
larger energy modulation than its intrinsic energy spread, it may be subject to the
microbunching instability if under additional compression. For the DUVFEL, this beam
is not further compressed, and the measured energy modulation amplitude is well within
the FEL tolerance determined by the FEL Pierce parameter® (about 2.5-10° or 440 keV

at 175 MeV).



3. Comparison with a model

To reveal the dependence of the modulation on the beam energy and to explain
the observations described above, we constructed a model based on the longitudinal
space-charge (LSC) effect?®. LSC is considered to be the dominant collective effect in
this experiment because the longitudinal impedance of the accelerator structure generally
diminishes at very high frequencies (higher than jc/a, where a is the vacuum chamber
radius)***?. Coherent Synchrotron Radiation (CSR) impedance can be stronger than LSC
at the DUV-FEL bunch compressor chicane and even at the spectrometer dipole.
However, the density modulation of the electron beam is strongly Landau-damped by the
emittance effect in bends where the CSR impedance may be important”®°. The measured
normalized emittance is y¢ =~ 3mm-mrad at the DUV FEL. The chicane consists of four
dipoles of length Ly = 0.19 m and bending radius R = 1.1 m. Assuming that the initial
beta function is ;=5 m, then the density modulation in the chicane (at the energy ymc2
= 72 MeV) is suppressed for an initial wavelength smaller than 2z(8,)*La/R = 360 pm.
Taking into account a factor of four compression after the chicane, we conclude that the
observed modulation structures of the compressed beam for a modulation wavelength A <
90 um cannot be driven significantly by CSR, in agreement with the small CSR
microbunching gain across the chicane as computed in Ref. [17]. Similarly, no significant
energy and density modulations can be induced by CSR in the spectrometer dipole at
these short wavelengths. Note that the rms electron beam size varies from about 300 um

to 1 mm in the chicane and is still within the transverse coherence length of the radiation



(= (#* R)® =~ 2 mm for 2 ~ 100 um). Thus, the one-dimensional CSR impedance used in
Refs. [7,8,9,17] is a valid approximation. Finally, we observe that the sensitive
dependence of the modulation amplitude on the average beam size in the rf zero-phasing

1819 s consistent with the LSC model.

section

In the frame of the model the first accelerating section was represented as a
distributed acceleration together with a space-charge force, acting at discrete locations
along the beam path. The following drift was treated in the same way, except that the
bunch energy was kept constant. The drift distance was chosen according to the real
length between the first AS and the beam monitor. An ensemble of microparticles was

tracked through the model set-up for every experimental value of the bunch energy. The

free-space, longitudinal space charge impedance per unit length is approximately given

27,20

by

Z(2) =i 202/12 1 27, K, 27, | W
27, A yA

where Zo = 377 Q is the free space impedance, ry, is the beam radius for a uniform cross
section and is taken to be roughly (ox+ay) for a Gaussian or a parabolic cross section, and
K is the modified Bessel function. Performing the Fourier transform of (1) we obtain
longitudinal space charge field per unit length for the current, containing modulation at a
single frequency. The action of the space charge force was represented as a change of
energy in a local slice along the bunch, due to interaction from the neighboring slices.
The tracking procedure allowed us to obtain the longitudinal phase-space distribution of

the particles at consecutive locations along the beam path. The final phase-space



distributions were observed at the actual distance from the end of the compressor down to
the monitor location.

Note that only the part of the accelerator starting at the end of the compressor was
taken into consideration in the model. This was done because observed CBE spectra for
the bunch with the compressor turned off exhibited almost no spiky structure. Thus the
modulation under study was assumed to be specific only for the regime with a high peak
current, or the compressed bunch regime.

Our experimental set-up did not have the ability to characterize the longitudinal
phase space right at the end of the compressor. The following assumption was chosen for
the initial conditions for particle distribution. We assumed that the initial phase-space
distribution included a certain amount of density modulation, or microbunching. At the
same time any initial energy modulation, which might be present in the beam before the
compressor, was neglected.

A simulation based on the described model demonstrated the development of
energy modulation, seeded by initial density modulation. The final modulation amplitude
depends on the modulation wavelength and scales linearly with the amplitude of initial
density modulation.

We used the simulation for comparison of the predicted energy modulation
amplitude (Fig. 5) with quantities derived from experimental data?. As the experiment
revealed a dependence of the measured modulation wavelength on the beam energy, we
introduced initial density modulation at the average modulation wavelength specific for
every experimental value of energy. Simulation demonstrated that reconstructed

amplitude of energy modulation (Fig. 5) corresponds to about 3 % of initial density
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modulation amplitude, comparable with the measured fluctuations of RF gun drive laser
intensity along the 266 nm laser pulse’®. We may conclude that nonuniformities in the
longitudinal bunch density in the range of only a few percent can cause strong
modulation of energy along the bunch.

The above analysis suggests that the initial density spectrum is quite uniform over
a wide range of wavelengths (from 30 to 70 um). Nevertheless, the final energy spectrum
has a preferred average modulation wavelength at a given electron energy as shown in the
measured data of Fig. 4. This can be explained by the space charge dynamics in the zero-
phasing section. The ratio of the amplitudes of final energy modulation to the initial
density modulation is determined by?°

1/2
VO 2/12(/1)} Sin(QSCL) 2

. Z, c

where 1o~ 200 A is the peak current, 1a = 17 KA is the Alfven current, L is the distance
between compressor and beam monitor, and the space-charge oscillation frequency is:

8z %l, |Z(4
Qsc=c\/” . [202) (3)

yil, AZ,

At lower energies, the energy modulation is maximized near the modulation wavelength
that has the space charge oscillation phase £cL/c = n/2. At higher energies, the beam is
more rigid, and the space charge oscillation phase advance is small. The maximum
energy modulation is then determined by the maximum of the space charge impedance
given in Eqg. (1). At the maxima of Eq. (2), we plot the modulation wavelength as a
function of the beam energy in Fig. 4 and note the reasonable agreement with the

measured average modulation wavelength.
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Strictly speaking, Egs (2) and (3) could be used only for a constant energy beam.
In reality, the beam energy changes as the beam travels along the first accelerating
section, although the section (of length about 3 m) is significantly shorter than the drift
(of length about 12 m) where the energy is constant. Numerical simulation discussed at
the beginning of this section was used to study the beam energy change and its induced
modulation wavelength dependence. We simulated a propagation of the beam with the
initial density modulation seeded by a single frequency in the range from 10 to 100 um.
Figure 6 shows the spectral shapes of final density and energy modulations at two
extreme energies of the experiment, assuming the initial density modulation amplitude of
about 3 % at all wavelengths. The maximum energy modulation occurs at a much longer
modulation wavelength at 50 MeV than at 110 MeV, in general agreement with the
measurements and the analytical prediction. The difference in modulation wavelengths
between measurements and theory/simulation at the low-energy side (Fig. 4) may be due
to the complicated (and unknown) longitudinal phase space distribution.

Thus, space charge oscillations at different frequencies accumulate different phase
advances while the bunch travels down to an accelerator. The space charge impedance
represents a broadband filter that determines the relative strength of energy and density
modulation amplitudes as a function of frequency (Fig. 6). Since spectral function of
such a “filter” is energy-dependent, the beam energy spectrum at the end of accelerator
exhibits frequency content that varies with energy. In order to further illustrate this point
we have simulated propagation of the beam with the initial current spectrum made up by
+3 % density modulation at six separate wavelengths (20, 30, 40, 50, 60 and 70 microns).

The results of the simulation for the energies of 50 and 110 MeV are shown on Fig. 7.

12



One can observe approximately twice as less spikes in the energy spectrum for the 50
MeV beam versus the 110 MeV case. Again, this agrees with Fig. 6, where the high
frequency part of energy modulation spectrum is attenuated for the 50 MeV beam. In
order to better reproduce the measured energy spectra (Fig. 2) we have to take into
account the photocathode drive laser spectrum and follow the beam modulation spectrum

throughout the entire SDL beamlines as shown in Fig. 1.

4. Conclusion

This paper describes the experimental characterization of a space charge induced
modulation in the longitudinal phase space of a high-brightness electron bunch. The
essence of the effect is in transformation of initial density perturbations into energy
modulation along the bunch. Since RF photoinjectors produce a very “cold” electron
beam with small intrinsic energy spread, the modulation significantly modifies the energy
spectrum.

Using an experimental set-up with two accelerator sections and a spectrometer, we
recorded the energy spectra of the electron bunch for a wide range of energies. The
structure in the measured energy spectra was interpreted as a projection of the modulated
longitudinal phase space. This method allowed us to determine the main parameters of
modulation (wavelength, energy, and density modulation amplitudes) and their
dependences on the beam energy. Numerical simulations based on a longitudinal space-
charge model demonstrated reasonable agreement with the measured data. We showed

that the longitudinal space-charge force can essentially modify the broadband spectrum
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of the initial beam density modulation and give rise to a high frequency energy
modulation observed by the RF zero-phasing method.

In closing, we note that the observed amplitude of final energy modulation is in the
range of 20-40 kiloelectronvolts, which may exceed the expected intrinsic energy spread
(~ 8 keV) by a large factor. The reconstructed amplitude of the density modulation (a few
percent) is comparable with the measured fluctuations of RF gun drive laser intensity
along the 266 nm laser pulse. Thus, nonuniformities in the longitudinal bunch density in
the range of only a few percent can cause a strong distortion in the longitudinal phase
space due to the action of the space charge force. In the DUV-FEL accelerator this
distortion happens while a beam with a modest peak current (~200 A) is traveling along
the accelerator of only 15 meters. For much longer accelerators with several stages of
compression such as those proposed for x-ray FELs??, this effect can be much stronger
and can lead to a significant microbunching instability that degrades the electron beam
quality beyond the FEL tolerance. Therefore, the experimental results and their analysis
presented in this paper warrant controlled increase of the intrinsic energy spread to damp

the microbunching instability for short-wavelength FELs**2,
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Fig. 1: The DUV-FEL accelerator layout. 1 — RF gun drive laser, 2 — RF gun with
focusing solenoid, 3 — 3 GHz linac tank, 4 — focusing triplets, 5 — magnetic chicane, 6
— spectrometer dipole, 7 — beam monitor, 8 — beam dump, 9 — Coherent Transition
Radiation station. The beam energy is 6 MeV after the RF gun and 72 MeV after the

second linac tank.
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significantly more “spiky”.
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