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COHERENT SPONTANEOUS EMISSION INnHIGH GAIN
FREE-ELECTRON LASERS* ‘ i2Rk%ti”

Abstract

We investigate ftnite puke effects in self-amplified spon-
taneous emission (SASE), especially the roIe of coherent
spontaneous emission (CSE) in the start and the evolu-
tion of the tleeeIectron laser @EL) process. When. the
FEL interaction is negligible, we solve the one-dimensional
Maxwell equation exactly and clarify the meaning of the
slowly varying envelope approximation (SVEA). In the
exponential gain regime, we solve the coupled Vlasov-
Maxwell equations and extend the linear theory to a
bunched beam with energy spread. A time-dependent non-
linear simulation algorithm is employed to study the CSE
effect for a general beam distribution.

1 INTRODUCTION

Coherent spontaneous emission (CSE) has attracted much
attention as the electron bunches become shorter and more
intense in current experiments demonstrating the principle
of self-ampliiied spontaneous emission (SASE). The one-
dimensional (ID) theory of SASE [1, 2] is based on the
solution of the linearized Vlasov-Maxwell equations, for
the cases of a coasting beam with energy spread [1] and
a bunched monochromatic beam [2]. Attempts have been
made to include the energy spread for a bunched b-
but only coherent bunching at the resonant wavelength was
considered [3]. In Ref. [4], the evolution of the electric
field is studied with the individual particle formulation for
a bunched monochromatic beam, and the contribution of
the incoherent and the coherent SASE are identified. In
this paper, we extend the linear theory to a bunched beam
with energy spread and calculate the effect of CSE for the
high gain FEL. We also present a time-dependent, nonlh-
ear simulation algorithm that takes CSE into account for an
arbitrary beam distribution.

2 COHERENT SPONTANEOUS
EMISSION

The ID Maxwell equation for the transverse electric field
of a plane wave propagating along the undulator axis z is

where PO is the permeability of free space, and the charge
density term is absent here due LOtransverse uniformity.
Writing the transverse current as JA(z, t) = U(Z, t) + c.c.,
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J= -~~e-ik”z
20 yo

~d(~-~j(t)) ~(’t- tj), (2)
j=l .

where ~ is the beam cross section, X is the undulator
strength parameter for the helical undulator and KIJJl for
the planar undulator after averaging over the undulatorpe
riod ku. We have also assumed that the jtk electron enters
the undulator at t = tj(j = 1,..., N) and z = 0. Thus, the
longitudinal position of the electron is Zj(t) = flC(t – tj),
where flc is the average Longitudinal velocity. Cl(t) is the
step function, i.e., Q(t) = 1 fort> Oaad Ootherwise.

In the absence of FEL interaction, the electric field in the
form fl~ = Z??(Z,t) + C.Cis found to be

E=Kl~(e’kf~~Jti)]~C(t-tj]<Z<c(~-tj]]

e-iks,[z+c(t-tj)]

[+ (I+fl) . 1}(–C(t-tj)<Z</3C(t– tj) ,

(3)

where ICI = ecZoX/(4ryo), 20 = Cpo s 377Q, and the
forward and the backward wavenumbers are

(4)

Equation (3) describes a sum of N forward and backward
wave packets, with the forward wave packets having much
higher amplitude and shorter duration due to relativity.

For coherent spontaneous emission, we can define a rel-
ative position ~ = z – @et along the bunch and turn the
sum into an integral by using the smooth approximation

~+ m/d(t’)x(<f), (5)

where no is the maximum line density and x(~) is the initial
bunch density fimction (O < x(f) < 1). For a single-step
pulse, x(f) = ~(–~), the electric field in front of the pulse
(O<c<(l–fl)z)is

E== Y [1 – eikffz-et)] . (6)

Only the forward wave component is present as expected.
The constant term terminates the field at the slippage dis-
tance & = (1 – ~)z. The electric field inside the pulse is
given by

Ec = * ~ – e-ik’(z+ct)].
U

(7)
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The tune waveforms show rich details of the current-
dependent beam response. In the vertical plane, the tune
(mode O is 0.285 at low current) crosses two synchrotrons”
sidebands as the current increases. The synchrotrons tune is
0.007 at the nominal rf voltage of 9.4 MV. The tune ap-
pears to just reach mode -3 at the current limit of 5.5 MA
In the horizontal plane, a self-excited tune appears above
3.5 mA. The tune shift over the range is about -0.005
(mode O is 0.195 at low current), approximately equal to
the synchrotrons tune. It appears that the horizontal tune
begins to couple to mode -1 new the current limit. At
large signal amplitudes, the tune is itself modulated at the
synchrotrons frequency, which appear as sidebands.

The APS was switched from positron to ekctron opera-
tions in Sept. 1998, and no significant differences in the
transverse instability limits were seen.

3 VERTICAL

In order to study the transverse planes independently, the
vertical chromaticity was reduced while keeping the hori-
zontal almost constmm (1.0, 1.4). The single-bunch limit
was reduced to 1,9 rnA, the lifetime was severely short-
ened, and the vertical modes O and -1 collided. This is
consistent with the tune “map” in Fig. 1.

4 HORIZONTAL

Observations of the horizontal instability reveal a higher
degree of complexity compared to the vertical. It is char-
acterized by a self-excited horizontal tune at a threshold of
about 4 MA Above 4.7 MA (nominal conditions), a peri-
odic blowup of betatron oscillations of the bunch centroid
occurs. This can be seen in Fig, 3, which shows a BPM
history recording the x-position over 16,000 turns
(acquired every turn) with 5.2 MA The maximum, self-
Iimiting amplitude of the instability is 800 ym. This is
roughly 1.9 times the horizontrd rms beam size.

This observation is confined using a visible streak
camera to image the bending magnet radiation. Figure 4
shows an image acquired in dual-sweep mode. The hori-
zontal beam profile was captured on two time scales: T,,
which is fast compared to the betatron period, and Tz,
which is slow compared to the instability rise time. Two
cycles are seen of the periodic betatron oscillations. Nota-
bly, OXdoes not appear to blow up as the coherent centroid
motion decays. Whhin the spatial resolution, no head-tail
motion was detected using streak camera imaging of the
x-t plane in synchroscan mode.

The instability growth rate, I/z,, was computed as a
function of current by fitting the initial blowup in data
such as in Fig. 3, and using ll~fi,= ll~g - llrd, where z~is
the transverse radiation damping time of 9.46 ms at 7
GeV, The results are shown in Fig. 5. A preliminary
analysis of the amplitude-dependent tune shift was made
by performing a fast Fourier transform on the BPM his-
tory data in 5 12-point slices. The horizontal tune peak was
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Figure 3: Periodic blowup of ho~zon~ centroid motion.
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Figure 4 Horizontal oscillations observed using a streak
camera in dual-sweep mode.
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Figure 5: Instability growth rate vs. current.

4.1 Chromaticity

At the threshold of 4.7 mA, the periodic instability mode
could be stabilized with a A{=of 0.6 above nominal. The
instability growth rate increased approximately linearly
with negative changes in ~,. The instability threshold was
not sensitive to even large variations in the tune.

4.2 Rf voltage

The rf voltage was reduced from 9.5 MV to 7.1 MV, re-
sulting in a 20% increase in the bunch length at 5 mA. The
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current limit increased slightly, from 5.0 mA at 9.5 MV to
5,5 mA at 7.9 MV and 5.7 mA at 7.1 MV. More interest-
ingly, with 7.9 MV, the beam underwent peridlc blowups
around 4.7 mA, but this changed to steady-state, fixed-
amplitude betatron oscillations at higher currents up to the
limit of 5.5 mA (see Fig. 6). The amplitude of the motion
at this limit was about 2f3 of the peak value in the blowup
mode. At 7.1 MV, only steady-state oscillations were
seen; no blowups were observed at any current up to the
limit. In all cases, the threshold for the onset of the self-
excited horizontal tune remained about the same.
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Figure 6: Instability as a function of current at 7.9 MV
(plotted offset for clarity).

4.3 Rffiequency and orbit

Orbit bumps were used to couple more strongly to the
transverse impedance at various places in the ring 5-mm-
gap chamber, 19-mm-gap chamber with unique transitions
to the standard-aperture chambers, rf cavities, and injec-
tion region (septum magnet and kicker chambers.) No
changes were seen in the instability growth rate for either
vertical or horizontal orbit bumps with one exception. A
+1.5 mm vertical bump in the 5-mm gap chamber stabi-
lized the periodic instability mode horizontally. In addi-
tion, changes of+/- 110 Hz in the rf frequency also stabl-
Iized this mode.

5 SIMULATIONS

Tracking simulations employed the 6-D tracking program
efegant [2]. Resonator impedances are implemented using
the following algorithm. A histogram of current density
(or its first moment for transverse impedances) is first
made. The resonator voltage vs. bin is then obtained by
summing the phasor contributions of particles in preced-
ing bins. Particles see only one-half their own induced
voltage (fundamental theorem of beam-loading). The volt-
age is propagated turn-to-turn as a damped sinusoidal os-
cillation. Tests show excellent agreement with analytical
wake field expressions. elegant includes synchrotrons ra-
diation damping and quantum excitation, implemented

approximately using the nominal damping decrements and
excitation rates.

Simulations of a broad-band resonator (BBR) imped-
ance model (Q=l) reproduced the measured tune slopes,
namely, -0.0008/mA in tie horizontal, and -0.0026/mA in
the vertical plane. Cutoff frequencies of 5 GHz in the
horizontal and 25 GHz in the vertical plane were assumed,
determined by the small-gap chambers. The simulations
assumed a linear lattice (zero chromaticity) to save com-
putation time. The best fit to the measured values were
obtained for a shunt impedance, R,, of 0.2 MQ/m in the
horizontal plane and 1.2 MWm in the vertical plane. The
vertical impedance agrees well with the 53 kQ/m per
chamber effective impedance value estimated in [1].

A mode-coupling instability (between modes O and -1)
occurs around 4.4 mA (horizontal) and 2.2 mA (vertical),
nearly reproducing the experimental observations under
low chromaticity conditions. Preliminary simulations us-
ing a BBR and a filly nonlinear lattice at the nominal
chromaticities show some of the instability features, but
do not reproduce the periodic blowup seen experimentally.

6 SUMMARY
Thesingle-bunch current hit is believed to be dominated
by a horizontal instability because of the smaller& com-
pared to ~. Attempts to raise the instabtity threshold by
raising the chromaticity is hampered by the sextupole cur-
rent limit. The vertical tune slope (= @lJ is larger than
in the horizontal plane, but the beam is stable to mode -3
with ~= 4. In the horizontal plane, mode -1 is unstable
with ~= 1.5. The instability exhibits two modes: periodic
blowup and steady-state. The current threshold of the pe-
riodic mode decreases with both smaller chromaticity (i.e.,
tune spread) and shorter bunches (i.e., higher peak cur-
rent), and the instability growth rate changes linearly with
the current. Simulations reproduce the current-dependent
tune shift and mode-coupling instability thresholds using a
BBR model. The periodic instability mode will be iirther
explored through fully nonlinear simulations. Future ma-
chine studies include additional chromaticity correction,
measure the bunch length on the instability time scale, test
a single-bunch feedback system and its effect on the insta-
bility threshold, and repeat the studies at lower energy.
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