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Experimental and Theoretical Study of Periodic
Intensity Bursts in the Stari-Up Phasc of a
Free-Electron Laser Oscillator

Eli Jerby, George Bekefi, and Jonathan S. Wurtele

Abstract—Experimental observations and a theoretical anal-
ysis of periodic radiation bursts and macropulse formation in
the start-up phase of a free-electron laser (FEL) oscillator are
presented. This microwave FEL uses a long pulse electron beam
with a slowly decaying voltage. The output radiation consists
of a superposition of bell-shaped macropulses, each of which is
composed of a periodic sequence of short micropulses. The mi-
cropulses are separated by a cavity round-trip time. Each bell-
shaped macropulse has a random start-up time and amplitude.
The startup of the radiation macropulses is correlated with
random current spikes on the continuous electron beam. The
observed macropulse signal agrees with a theoretical calcula-
tion of the impulse response of the FEL oscillator when the shift
in the FEL resonance frequency arising from the slow voltage
drop of the electron beam is included in the analysis. Possible
applications of the macropulse formation phenomena in the
FEL are discussed.

I. INTRODUCTION

HIS paper presents new experimental observations of

the spontaneous excitation of periodic radiation bursts
and macropulse formation in the start-up phase of a free-
electron laser (FEL) oscillator. The radiation pulse con-
sists of a superposition of bell-shaped macropulses each
of which is composed of a sequence of short-pulse micro-
pulses. The micropulses within a given macropulse are
separated by a cavity round-trip time. The amplitude of
the micropulses has the bell-shaped macropulse structure.
The structure of a macropulse, including micropulse width
and separation and the bell-shaped envelope, is described
by a linear model of the impulse response of the FEL os-
cillator.

Mechanisms of micropulse formation have been stud-
ied in a wide variety of fields, such as microwave tubes,
conventional lasers, and FEL’s. In most cases micropulse
formation is related to nonlinear phenomena, such as
mode locking or solitons. Narrow microwave pulses were
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produced in the early fifties with regenerative oscillators.
One such short-pulse generator was constructed as a
closed loop of a traveling wave tube (TWT) amplifier, a
filter, and a nonlinear pulse expander [1]. It produced mi-
crowave micropulses of ~2 ns width. Short pulse phe-
nomena in conventional atomic and molecular lasers have
been studied intensively in the last two decades. These
include the nonlinear phenomenon of self (spontaneous)
spiking [2], as well as a wide range of mode-locking
mechanisms [3], and soliton formation [4].

In FEL’s, radiation bursts or spikes, as they are often
called, have been studied experimentally and theoretically
in the nonlinear regime by several groups [5]-[11]. The
appearance of radiation spikes in the FEL nonlinear re-
gime is caused by the sideband instability which, in turn,
is driven by electron oscillations in the potential well of
the ponderomotive wave. In contrast, our studies [13] deal
with the buildup of short electromagnetic radiation bursts
that occur well before saturation and near oscillation
threshold, where linear phenomena dominate the interac-
tion.

Numerous theoretical and experimental investigations
of phenomena related to radiation bursts are found in the
literature. These include studies of noise in FEL ampli-
fiers [14], spontaneous emission and coherence buildup
[15], self-amplification of spontaneous emission [16],
prebunching [17], [18], slippage and superradiance [19],
[20], effects of electron energy drift [21], mode compe-
tition [22], phase locking [23], spectral analysis [24], and
pulse compression [25].

This paper is organized as follows: In Section II we
describe the experimental system and results. In Section
III, we utilize the linear analysis of the prebunched FEL
amplifier to evaluate the impulse response of a multipass
FEL oscillator. The model includes the slow voltage droop
on the electron beam, and the competition of waveguide
losses and dispersion with FEL gain and dispersion. The
radiation from an initially localized density perturbation,
calculated in the time domain over many passes through
the wiggler, agrees with the experimentally observed
macropulse structure. A discussion of the macropulse for-
mation in FEL oscillators and some possible applications
is presented in Section IV.
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II. THE FEL OSCILLATOR EXPERIMENT

The microwave FEL oscillator employs a long pulse
low-energy electron beam. In its start-up phase, the os-
cillator emits periodic short RF micropulses in bell-shaped
envelopes. The experimental apparatus is described in
Section II-A, and the experimental observations are pre-
sented in Section II-B.

A. Experimental Configuration

The experimental setup is shown schematically in Fig.
1. A microwave FEL amplifier [24], [25] was converted
to operate as an FEL oscillator by eliminating the input
signal and feeding the microwave output power back to
the wiggler entrance.

The accelerating voltage is supplied by a Marx gener-
ator (Physics International Pulserad 615 MR) without a
pulse forming network. The voltage decays exponen-
tially, due to the Marx RC droop, as

Veb(t) = VO €xXp (_I/Tm) (1)

where V, = 0.2 MV is the initial Marx voltage and 7,, =
25 ps is the time constant of the Marx RC circuit.

The electron beam is generated by a thermionically
emitting, electrostatically focused, Pierce-type electron
gun (250 kV, 250 A) from a SLAC klystron (Model 343).
An emittance selector limits the beam current to ~1 A.

The electron beam is transported into the rectangular
stainless steel drift tube by an assembly of focusing coils.
The beam is confined in the FEL region by a uniform 1.6
kG axial magnetic field produced by a solenoid, and the
FEL coupling is generated by a bifilar helical wiggler.
The 65 period wiggler has period A\, = 3.5 cm and field
amplitude B,, = 200-400 G. An aperture limits the size
of the beam to r, = 0.07\,, so that the wiggler field
appears nearly sinusoidal to the drifting electrons. A
slowly increasing field amplitude taper is produced at the
wiggler entrance by resistively loading the first six pe-
riods of the wiggler.

The 2.7 m long drift tube acts as a rectangular wave-
guide for the electromagnetic radiation. Its inner dimen-
sions are 0.90” X 0.40” and the fundamental TE,, mode
has a cutoff frequency of 6.6 GHz. The waveguide closes
upon itself, thereby forming a ring cavity 7.6 m in length,
as shown in Fig. 1. The system is operated in a frequency
range between 8 and 11 GHz. At these frequencies, the
empty waveguide can support only the fundamental (TE,)
mode, all higher modes being evanescent. The ring cavity
loss is 5.5 dB and the single-pass FEL gain varies be-
tween 6 and 8.5 dB, so that the overall system gain is less
than 3 dB. It is in this low net gain operating regime,
where the periodic RF spikes are the clearest, that all of
our measurements are carried out.

The radiation field in the ring cavity is sampled by
means of a 20 dB directional coupler. In some of our mea-
surements the sampled signal passes through a band-pass
filter (9.6-10.2 GHz) or a high-pass filter (9.6 GHz). The
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Fig. 1. The experimental setup of the FEL oscillator.
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radiation power is measured with a calibrated crystal de-
tector.

B. Experimental Observations

The FEL oscillator emits bursts of microwave radia-
tion. Fig. 2(a) shows the full RF signal during one shot,
and Fig. 2(b) shows, on the same time scale as Fig. 2(a),
the Marx voltage droop. Radiation bursts typically start
~7 ps after the Marx ignition and completely disappear
~2 us later.

Fig. 3 shows a typical radiation burst in greater detail.
The pulse appears noisy and irregular, though some pe-
riodic structures can be identified. The underlying tem-
poral structure is revealed by filtering the microwave sig-
nal with a band-pass filter placed in the output arm of the
directional coupler. Fig. 4 shows the radiation bursts de-
tected through a 9.6-10.2 GHz band-pass filter. The fil-
tered pulse is seen to be composed of a sequence of par-
tially overlapping bell-shaped macropulses with random
start-up times and amplitudes. Each macropulse consists
of a series of micropulses within a bell-shaped envelope.
(As will be discussed below, the bell-shaped envelope re-
sults from the voltage droop of the electron beam). The
micropulse width (FWHM) is ~5 ns, and no significant
broadening is observed over many round-trips. The dis-
tance between two successive micropulses in Fig. 4 is
~ 36 ns. This corresponds to the roundtrip time of an RF
micropulse, with a center frequency of f; = 9.6 GHz, in
the 7.6 m ring cavity. Increasing the cavity length to 11.3
m results in a similar bell-shaped macropulses with a
longer period (51 ns) between the micropulses. The mi-
cropulse period is again in agreement with the RF round-
trip time (in the 11.3 m cavity).

In all the runs performed (totalling over 100), bell-
shaped macropulses are seen to be the underlying building
blocks of the radiation bursts. The macropulses are most
easily observed when the FEL is operated just above os-
cillation threshold. As the gain is increased, the density
of macropulses increases and individual macropulses be-
come harder to distinguish. The number of macropulses
in a burst varies randomly from one run to another. Sim-
ilar bell-shaped macropulses are observed when the filter
is moved from the output coupler and placed in the return
leg of the ring cavity.
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Fig. 2. (a) The unfiltered RF bursts, and (b) the Marx accelerator RC volt-
age droop (on the same time scale).
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Fig. 4. RF bursts filtered by a band-pass filter, f=9.6-10.2 GHz.

The random start-up times of the macropulses and their
appearance are correlated to spikes in the current density.
Fig. 5 shows the electron beam current density measured
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Fig. 5. Random spikes in the electron beam current.

by a tiny probe [26] which is partially inserted into the
electron beam. The probe is placed ~1 m from the be-
ginning of the wiggler. The random current spikes are
clearly seen superposed on the dc current. The width of
the current spikes (FWHM), measured by a fast transient
recorder (Tektronix SCD 1000), was found to be typically
narrower than 1 ns.

The radiation bursts and the electron beam current were
recorded simultaneously using a LeCroy 7200 two-chan-
nel digital oscilloscope with a 1 GHz sampling rate. This
enabled us to make a detailed analysis of the RF intensity,
the current fluctuations, and any correlations between their
temporal structures. In these measurements, in order to
reduce the micropulse broadening, we replaced the band-
pass filter with a high pass filter (f > 9.6 GHz).

Fig. 6(a) shows a typical example of the radiation bursts
on an expanded scale. Two dominant macropulses with
partially overlapping bell-shaped envelopes, marked as A
and B, are clearly seen. Each macropulse consists of a
series of micropulses. The micropulse period is 32 ns in
macropulse A, and 34 ns in B. The micropulse width is
~ 5 ns for both macropulses, and no significant broaden-
ing is observed in successive round-trips.

Fig. 6(b) shows the simultaneous electron beam cur-
rent, and the random spikes associated with it, on the same
time scale as Fig. 6(a). The first two current spikes are
marked in Fig. 6(b) as A’ and B’. The time between the
current spike A’ and the peak of macropulse A is 516 ns,
and the time between the current spike B’ and the peak of
macropulse B is 510 ns. The relation between these cur-
rent spikes and the radiation pulses in Fig. 6(a) is devel-
oped in the next section.

III. A TiME DOMAIN ANALYSIS OF THE FEL
OSCILLATOR

The periodic radiation bursts and macropulse formation
presented in the previous section are observed well before
saturation, i.e., in the small-signal regime. Therefore, we
can apply a small-signal linear theory to analyze these
phenomena. In Section III-A, we review the linear model
of the prebunched FEL amplifier in the frequency and time
domains. In Section III-B, we extend the model to de-
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Fig. 6. (a) The RF output bursts filtered by a high-pass filter, f > 9.6
GHz, and (b) the associated spikes of the electron beam current. Both sig-
nals were recorded simultaneously by a fast digital oscilloscope (LeCroy
7200).

scribe the FEL oscillator in the time domain. The impulse
response of the FEL oscillator is computed and compared
to the RF macropulses observed in the experiment.

A. Amplification, Prebunching, and Spontaneous
Emission

Electromagnetic radiation in an FEL is generated by
various mechanisms, such as spontaneous emission from
single electrons [15], signal amplification [27], a pre-
bunched electron beam [17], [18], and the self-amplifi-
cation of spontaneous emission [16]. These mechanisms
are distinguished by the source of excitation which initi-
ates the radiation. In the amplification process, the radia-
tion is stimulated by the injection of an input field at the
FEL resonant frequency. The prebunched FEL is excited
by an initial modulation of the electron beam distribution
at the resonant frequency. In the spontaneous emission
process, the emission of radiation is induced by random
velocity and density fluctuations in the electron beam.
Typically, the sources of RF noise are spread over a wide
frequency spectrum, including the resonance band in
which FEL radiation is excited. All these phenomena are
described by transfer functions which relate the output ra-
diation to the excitation sources, namely the input field
and the non-uniform electron beam distribution at the
wiggler entrance.

In the FEL amplification process, the relation between

the output field, E (i8k, w), and the input field, E (w), is

2515
given, for a cold beam, in wavenumber-frequency space,
by the gain-dispersion equation [27], [28]:
Ok — 0)° —
iok[(Ok — 6)* — ] + i

E (i6k, w) = 02 E(w) (2
where w is the wave frequency, and 6k is the complex
modification (due to the FEL interaction) to k., the axial
wavenumber of the mode in vacuum. With this notation,
the Laplace transform variable is s = ik. + 6k, and a(s)
= L{a(@)} = f.a(z) e = dz.

The FEL parameters 6, «, and 6 are related to physical
quantities. The space-charge parameter 6, is

€2n0
0, = |——— 3
" NvviemV? ¥
where e is the electron charge, m is the electron mass, n,
is the electron beam density, V. is the axial beam velocity,
v is the beam energy in units of mc’ =1/ - B

B. = V./c, and ¢, is the permlmvnty of free space. The
coupling parameter « and the gain parameter Q are

lw [V, : 5
K Z V. <—> Q0 = «b,
where V, is the amplitude of the perpendicular compo-

nent of the electron velocity. The detuning parameter 6 is
defined by

(4a) and (4b)

- w
= L= - - k- -
0 0L“ ( - -

kH') LH‘ (5)

where L, = N, .\, is the wiggler length and k,, = 27 /\,,.

For both spontaneous emission and an initial prebunch-
ing of the electron beam, the FEL output field is excited
by an initially nonuniform electron beam distribution. The
relations between the output field, E, (idk, ), and the ac
input density component #;(w) and velocity component,
D;(w), are given [17], [29] by

= k-9

E(,(lék, w) - lOl,, D( 61’( ) ,(OJ) (63)
and

N Ay S o

En(lakv w) - [ D(lék, OJ) ﬁl ((.IJ) (6b)

respectively, where the coefficients o, and «,, are

a, = —elyV, o, = — engZy (7a) and (7b)

M
4 4 V.
Zy = 377 Q is the impedance of free space, and D(idk, w)
is the denominator of (2),

D(idk, w) = isk[(6k — 60)* — 6] + ixb,. (8)

Equations (6a) and (6b) apply to a prebunched electron
beam whose ac components, 7;{w) and 7;(w), are at the
same frequency as the RF output signal. These relations
can be extended to describe shot noise and other types of
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random fluctuations in which the electron beam distribu-
tion is defined by statistical features such as its spectral
power density.

The transfer functions (2), (6a), and (6b) are given in
Laplace-Fourier space (i6k, w). In order to find the spec-
tral transfer functions between the output radiation at the
wiggler exit z = L,, E,(w), and each of the input excita-
tions [E;(w), 7;(w), and ;(w)] at z = 0, we must perform
an inverse Laplace transform on the transfer functions.

The FEL dispersion equation {the denominator of )]

D(idk,,, w) = 0 ©)

is a Pierce-type cubic equation [30]. The zeroes ok, (m
=1, 2, 3) of the cubic dispersion (9) are found numeri-
cally. The residues of (2), (6a), and (6b) are denoted as
Ry, R, and R}, respectively. The residues of (2), for
instance, are given by

R [ 6k ~ 0y — 62
" Lidkik — 6)' — 62] + ix6

- (0k — 6km)]

Ok = bkm

(10)

form =1, 2, 3. Similarly, the residues of (6a) are R, =
[—ic,(0k — 6)(8k — 6k, /D(isk, @) Iok = 5k, and the resi-
dues of (6b) are R}, = [—jo,(k, + k) (6k ~ bk,,) / D(idk,
)]sk = sk

With the above definitions, the spectral transfer func-
tions between E,(w) and each of the inputs are given by
the inverse Laplace transform as

3

Te(w) = Z_Jl REgsmlx (11a)
3

T(w) = E:‘,l R gsmln (11b)
3

T,(w) = 21 RZesmle (11¢)

where s,, = idk,, + ik, are the poles in the complex s
plane. Fig. 7 shows the amplitude curves of the FEL gain,
T¢(w), and the prebunched FEL emission T,(w) for the
parameters of our experiment. (The latter curve corre-
sponds also to the FEL spontaneous emission for a uni-
form spectral density of the electron fluctuations, |n; (w)]?
= const.).

The total output field is then given by the superposition

Efw) = Te@Ei(0) + T (@)W + T(@)ow) (12)

and the corresponding output spectral power density is
given by | E (w)|*.

In the time domain, the FEL impulse response func-
tions are obtained [31] by performing the inverse Fourier
transform of (11a), (11b), and (11c). For instance, the
response function to a density impulse in the electron
beam is given by

ho(1) = F{T(w)} = 51; S Tiw) e " dw.  (13)
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Fig. 7. (a) The FEL gain curve |Tg(f)|, and (b) the prebunched FEL
emission curve | T, f)|, computed from (11a) and (11b), respectively, for
our experimental parameters.

The function 4,(7) gives the output field E,(7) due to an
impulse electron density n(r) = 8(z). Similar integrals de-
fine the responses to an input field impulse, hAg(r) =
F™'{Tg(w)}, and to a velocity impulse, h,(7) =
F~'{T,(w)}. Fig. 8 shows the amplitude of the impulse
response function 4,(7) for the parameters of our experi-
ment. The output field produced by an electron current
impulse at ¢t = 0 is seen to be a delayed pulse with a finite
width.

The impulse response A,(7) can be found analytically
in the limit of weak coupling, low-gain (Q = L, <
1), and a tenuous electron beam ( EI, =0,L,, < 7). Though
our FEL operates in the intermediate high-gain regime,
and we use numerical methods to analyze it, analytic so-
lutions in the low-gain limit can provide physical insight.

The dispersion (9) has a simple solution in the low-gain
limit. The prebunched FEL equation (6a) can be ex-
panded to first order in Q, as

E(ibk, w) = {Dy(idk, w)~' — Dy(ik, )™ - Q}
- —ia,(6k — O)A;

where the zero-order dispersion equation, in this limit, is
Dy(idk, w) = i8k(6k ~ 6)*. An inverse Laplace transform,
by using the partial fraction expansion of (6a) (where the
poles of the dispetsion equation are 6k; = 0 and Oky 3 =
0), yields the well-known spectral relation for a pre-
bunched low-gain FEL,

(14)

sin (8(w)/2)
B(w)/2

The spectral power density |T,(w)|* = (a,L,)? sinc’
(6(w)/2) is just the spontaneous emission from uniform
distributed shot noise (|7;(w)|*> = const.). The impulse
response h,(7) is found by the inverse Fourier transform
(13). In the low-gain limit, it has the form

T(w) = oL, (15)

I <t<t,
(16)
0 otherwise

ho(t) = A~ . {

where the resonant frequency vy is defined by 8 (wp) = 0,
and the amplitude 4 = «, L,/ (7, — t,). The response A,(7)
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Fig. 8. The envelope of the FEL impulse response 4,(t.. t;) computed from
(13) for our experimental parameters, 1, = 6 us and t = 1, — 1,.

from a current impulse at 1 = 0 has a square pulse enve-
lope which starts at 7, = L, /V,(w) and ends at 1, =
L,/V,, where V, is the group velocity, and t, and 1, are
the propagation times through the wiggler [32] of the ra-
diation power and of a single electron, respectively. The
impulse response pulsewidth is

amn

The time constant 7,, the FEL slippage time, is related to
the coherence time and to the linewidth in the low-gain
limit, Aw = 7 /7,. In free space, with V, = c, one re-
covers the well-known expression Aw = wy/2Ny,.

The output field for an arbitrary time-dependent initial
electron beam density n;(r) can be found from a convo-
lution with the impulse response A,(7):

E(t,z=1L,) = S n(t = 1)h,(7) dr. (18)

Similar expressions can be derived which relate E; to the
input field or to a velocity perturbation.

B. Linear Model of the FEL Oscillator

The radiation build-up process in an FEL oscillator in-
corporates processes of spontaneous emission and ampli-
fication. The oscillator consists of an FEL section and a
cavity or a feedback loop, as shown schematically in Fig.
9. The FEL is modeled as a block with two inputs E; (w)
and 7i;(w) and one output £,(w). The inputs and output
have linear relations between them [given by (lla) and
(11b), respectively].

The feedback loop, in a waveguide ring cavity geom-
etry, is a lossy dispersive medium. The phase shift during
one roundtrip in the cavity is

b4(w) = Voo - wioL;"

(19)

where L, is the cavity length and w., /2 is the cutoff fre-
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Fig. 9. A physical model of the FEL oscillator consisting of a time-de-
pendent FEL and a dispersive feedback loop.
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Fig. 10. The waveguide dispersion curve and the beam mode line (§ =
(w/V. ~ k. — k)L, = 0). The intersection points A and B determine the
FEL resonance conditions. The slope of the beam mode line decays due to
the electron energy droop. Point C determines the lowest electron velocity
at which the FEL interaction can occur. The horizontal dashed line shows
the filter band above 9.6 GHz.

quency of the TE,; mode. The waveguide dispersion curve
and the beam line §(w, k;, V.) = 0 are shown in Fig. 10.
The intersection of these curves at points A and B deter-
mine the FEL operating conditions. As the electron en-
ergy decays, the slope of the beam mode line decreases,
and the intersection points A and B converge to C. When
the beam energy falls too low, no intersection is possible,
and when the separation between the beam and waveguide
becomes too large, no power is produced.

The beam parameters for this experiment are slightly
time dependent due to the slow variation in the electron
beam energy (1). Fig. 11 shows the time dependence of
the FEL resonance frequency fj, the corresponding cavity
round-trip time t; = L./ V,, and the slippage time 7, (17).
The slippage time is much shorter than the round-trip time,

T, <Kty <KL Ty (20)
and thus we can apply a two-time-scale approach.

In order to find the impulse response of the FEL oscil-
lator, we model it as a cascade of FEL blocks [33], as
shown in Fig. 12. Each stage / in the cascade represents
one round-trip period, which includes an FEL section
[FEL"] and a waveguide section [modeled as a delay ele-
ment D;, using (19)]. Each FEL block has two inputs: one
for the electromagnetic wave E;, and the other for the den-
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Fig. 12. The “‘unfolded”’ model of the FEL oscillator used for computa-
tion of the impulse response.

sity fluctuations n;. By allowing each FEL block to have
slightly different beam parameters, we can investigate the
influence of the slow beam energy variation on the oscil-
lator dynamics.

In the calculation, the FEL interaction is initiated by
an initial input n;, which represents a fluctuation in the
beam density. This generates radiation emission at the
output port E,, which then propagates through the feed-
back loop to the input as an E;, and is then reamplified in
successive round-trips. The spiky behavior of the electron
beam current described in the previous section suggests

that the electron beam density fluctuations can be re-
garded as shot noise, namely

m®) = ny + n, 28t - 1, (1)
where #; are random points on the time axis distributed
with a uniform density. Consequently, 6(z — t;) are un-
correlated Poisson impulses. Such a shot noise model
usually refers to fluctuations from single electrons. In this
case, however, we apply it to the current spikes, shown
in Fig. 5, as macroparticles.

For each FEL block, the linear transfer functions (11a)
and (11b) define the spectral relations between the output
E,(w) and the two independent inputs, E;(w) and A (w),
respectively, as

E(@)|n-0 = TP E (), Ef@)g -0 = TO(w) i (w)

(22a) and (22b)

where the transfer functions T%(w) and T9(w) are com-
puted for the instantaneous FEL parameters at the /th
round-trip.

The response of the FEL oscillator to a single density
impulse n;(f) = n, + n,6(t — t,), is then given in the
frequency domain by

EJ@ = Tw) - DVw) - T9(w) - DO(w) - - - 70,
23)

Fig. 13(a) shows the spectral evolution of the signal in
successive round-trips, as computed from (23). Fig. 13(b)
shows the corresponding sweep of the center frequency of
each micropulse due to the change in the accelerator volt-
age.

In the time domain, the FEL response at r = ¢, is given
by an inverse Fourier transform of the cascade transfer
function (23)

1 m
hoset, 1) = 5~ S TP I 1w

* exp [iwt; — i(m ~ 1)¢,(w)] dw 24)
where [ = corresponds to t = 7, and / = m is the num-
ber of round-trips at ¢t = 1,. The FEL response to a non-
impulse electron density fluctuation n, () = ng + ne(n),
where ng(f) is much shorter than a round-trip time, is
given, in general, by the convolution integral E (f) =
:-= — hosc(t’ T) nf (T) dr.

We assume density fluctuations ni(t) = ny + L n;é(r
— ), with random amplitudes n; and random appearance
times #;. Thus the output radiation E,(¢) is a linear super-
position of impulse responses h,(t,, 1;) for the random
spikes E (t,) = L nh,(ty, %;). The output power is then

2
|E,(1)|* = .janhm(zz, t,-)’ = zj?n}lhm(rz, nlE. @5)
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Fig. 13. (a) The spectral evolution of the FEL oscillator impulse response

with a high-pass filter (f > 9.6 GHz) in the frequency domain, as com-
puted from (23) for ; = 6 us. (b) The center frequency at each round-trip.

The intensity of the impulse response | 4,15, £;)|* with
a high-pass filter (f > 9.6 GHz) is computed for the pa-
rameters of the experiment, and plotted as a function of
time in Fig. 14. The theoretically calculated intensity
shown in Fig. 14 resembles closely the observed bell-
shaped macropulses shown in Figs. 4 and 6(a). In the
computed FEL impulse response, the macropulse peak
appears 507 ns after the current impulse, the period be-
tween two successive micropulses is ~ 33 ns, and the mi-
cropulsewidth is ~ 5 ns. These theoretical results are quite
similar to the experimental measurements shown in Fig.
6. The spikes A’ and B’ [Fig. 6(b)] appear at 1, = 82 ns
and t5. = 317 ns, respectively. The peak of macropulses
A and B [Fig. 6(a)] appears at z, = 598 ns and 1z = 827
ns, respectively. Hence, the time difference 1, — 1,4 =
516 ns is close to the difference t5 — 5. = 510 ns, and to
the theoretical result, 507 ns. The observed signals in all
our experimental runs are composed of partially overlap-
ping macropulses with random amplitude and random ap-
pearance times, as would be expected from the theoretical
model. The observed macropulses have the same struc-
tures as the computed | h,.(t;, #,)|* shown in Fig. 14.

Fig. 15 shows the pulsewidth of each of the micro-
pulses plotted in Fig. 14 and the pulsewidth of a micro-
pulse in the absence of the FEL interaction (but including
waveguide dispersion). It can be seen that, for these pa-
rameters, the tendency of waveguide dispersion to broaden
the micropulse is counteracted somewhat by the gain and
phase modification of the FEL.
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Fig. 14. The FEL impulse response intensity | 4,(t,, ¢,)|* in the time do-
main as computed from (24) for our experimental parameters.
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Fig. 15. The pulsewidth of the micropulses computed in Fig. 14 and their
pulsewidth in the same waveguide ring cavity, but without the FEL inter-
action [Tz (w) = 0].

IV. DiscussioN

In this paper, we have identified a fundamental signal
structure, the bell-shaped macropulse of Figs. 4 and 6(a),
which is the underlying building block of the RF pulse
near oscillation threshold. The experimental measure-
ments of the time dependence of the macropulse are in
agreement with a theoretical shot noise analysis of the
FEL oscillator.

The agreement between experiment and theory is good
but some underlying assumptions in the theory used to
produce Fig. 14 cannot be verified experimentally with
our present apparatus. In the experiment we observed a
correlation between the macropulses [Fig. 6(a)] and spikes
superposed on the electron beam current [Fig. 6(b)]. In
the theoretical analysis, a random sequence of ideal im-
pulses (21) serves as a model for the current spikes (Fig.
5). The observed spikes may have a pulsewidth as large
as | ns, which is much longer than an RF period (0.1 ns).
We assume however, without experimental verification,
that these random spikes have a nonzero spectral content
in the FEL frequency band. A nonuniformity in the spec-
tral content of the spikes in the FEL frequency band causes
some widening of the micropulses which can be easily
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evaluated by a convolution integral, as in (18). The agree-
ment between experiment and theory reinforces our con-
clusion that the radiation macropulse is generated by a
current spike. In particular, in the example shown in Fig.
6(a) and (b) spike A’ excited macropulse A, and spike B’
excited macropulse B. In general, the shot noise in an
FEL oscillator may be too small to be observed experi-
mentally. This analysis suggests that the radiation power
in the startup phase of a long pulse FEL oscillator is ac-
tually composed of a large number of such macropulses
with uncorrelated random start-up times, as given by (25).

The bell-shaped envelope of the macropulse results
from the beam voltage droop. This droop leads eventually
to a violation of the FEL resonance conditions, and there-
fore to a reduction in the growth rate. At the peak of the
macropulse, the FEL amplification equals the waveguide
attenuation, and the net gain is zero. With a constant elec-
tron beam energy, the reamplification of the micropulse
would continue until saturation.

It is evident that the micropulse periodicity should equal
the round-trip time in the cavity, and this is confirmed by
experiment and theory. The micropulse is subjected to the
waveguide dispersion as well as the FEL phase shift, and
its width and amplitude evolve as a function of time. The
first micropulse in Fig. 14 is the instantaneous response
of the FEL to the electron beam impulse. Its width is the
FEL slippage time 7, = 2.5 ns. In following round-trips
it slowly broadens to 5 ns near the macropulse peak, in
agreement with the experiment [Fig. 6(a)}. This width is
narrower than the pulsewidth which would result purely
from waveguide dispersion, without the FEL interaction
(Fig. 15). Hence, the FEL amplification and phase shift
counteract the pulse broadening from waveguide disper-
sion.

Further experimental investigation of methods to con-
trol the micropulse and macropulse structure suggest
themselves. For example, the macropulse could be initi-
ated by an applied current perturbation, the electron beam
energy droop can be adjusted to change the number of
micropulses, and the dispersion may be adjusted to change
the micropulse width. This may have practical applica-
tions, especially for electrostatic FEL’s, as a method of
producing sequences of tunable, high-power, short micro-
pulses. A photocathode, for instance, may produce a se-
quence of short pulses, in addition to a dc electron beam,
as in (2). In principle, with good control of the electron
beam energy, the FEL may produce long macropulses
with uniform amplitude.
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