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Gain and efficiency enhancement by a multicomponent wiggler free-electron laser
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A multicomponent wiggler scheme is presented as a possible solution to the problems associ-
ated with start up and saturation of a tapered wiggler free-electron laser oscillator: low small-

signal gain and large shift of the output radiation frequency with input power. Optimization of
the scheme is analyzed and it is shown that appropriate wiggler configurations can be found that

enhance by an order of magnitude the small-signal gain and eliminate the shift in radiation fre-

quency with input power.

Recently, there has been a large research effort to-
wards the development of the free-electron laser
(FEL) as a high average power source of infrared and
visible electromagnetic radiation. ' It has been
demonstrated theoretically that the inherently low ef-
ficiency of a FEL at high input power (P & 1 MW)
and small output wavelengths (X, (10.6 p, m) can be
increased by appropriately tapering the wiggler
field. In this form, an efficient FEL amplifier
could be obtained. A number of experiments are in
progress to validate this theory. 4'

The enhanced gain of a high power FEL with a ta-
pered wiggler, however, peaks at a given input power
for which the taper is optimum; it decreases at other
input powers. ~ Further, the output radiation fre-
quency at which the gain is maximum as well as the
gain spectrum width changes as a function of input
power for a given taper. ' Thus, a tapered wiggler
free-electron iaser (TWFEL) becomes less attractive
as an oscillator. In this Communication we discuss
how these unwanted oscillator characteristics might
be eliminated by substituting the tapered wiggler by a
more complex, multicomponent wiggler (MCW) con-
figuration.

The MCWFEL is based on the physical principles
of both the TWFEL and the constant (untapered)
wiggler free-electron laser (CWFEL). In a constant
wiggler, the electron beam is injected with an energy
(y;„,) above the resonant energy (ys) in order to ob-
tain maximum net deceleration of the electrons. y~
is the energy associated with the phase velocity of the
ponderomotive potential formed by the wiggler and
radiation fields. In a TWFEL, the wiggler is tapered
to vary with yq, in such a way that there is a
resonant particle whose phase stays stationary all

through the interaction length and a maximum
number of electrons can be trapped in the pondero-
motive potential well. The rate of deceleration in y~
is proportional to the square root of the input power
P,'; hence, for a given taper, there will be only one
radiation power that is optimum (P v). The op-
timum y;„;=y';„; at this power is equal to y~ to max-

imize the number of trapped electrons. For radiation
powers smaller than the optimum, the closed orbits
open up and the particles remain untrapped. Energy
extraction can occur if the average energy relative to
y& increases at a slower rate than the decrease in y&
due to the wiggler taper. This, in turn, requires
y,'~~ ( y&. For a practical oscillator y;~ remains fixed
and therefore, as the power in the cavity increases,
the output frequency shifts in such a way to "reac-
commodate" the resonant energy so that the differ-
ence y;„;—y& has the optimum value for maximum
gain. For any taper 6 = d, B„/B„,the fractional
change in the wiggler field B„,there is an optimum
power for maximum gain operation, and this power
increases with 5 and decreases with the interaction
length. ' In addition, for any 5 the gain spectrum
shifts as a function of increasing power with larger
shifts occurring for larger tapers.

In the MCWFEL oscillator scheme, a number of
wiggler components are utilized in such a way that
each component operates at its own optimum power
and either is transparent or enhances the perfor-
mance of other components at other powers. In ad-
dition, in order to reduce the gain spectrum width,
the various wiggler components are chosen with dif-
ferent wavelengths X and amplitudes B„,and
separated by proper amounts of drift space in such a
way that y~ is different for each component and
y;„;=y';„; in each section.

The simplest MCW combination is a two-
component one consisting of a CW followed by, or
following, a tapered wiggler (TW). 'Since y,"„vj & yacc

but y,'„';=yq, A. and B„are chosen in such a way
that y~ ( y~ . The small-signal gain is enhanced
by the constant wiggler section. If the CW is located
before the TW, the electrons can be "bunched" in
phase space at the end of the CW. The optimum
bunch phase depends on the taper. Thus, in order
to introduce the electrons in the TW in a proper
phase at high powers, a very small drift space (( k )
is required. On the other hand, if the CW is located
after the TW, due to the very low small-signal gain of
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the TW, no bunching occurs in the electrons before
entering the CW for low input powers and the CW is
transparent to high powers.

In addition, the large-signal gain can be enhanced
by a system similar to an optical klystron.
That is, a large drift space where the electrons bunch
as they free stream can be added between the CW
and TW components to increase the number of
trapped electrons for the TW operation. The drift
length necessary to achieve electron bunching is cal-
culated as the length that it takes particles separated
in energy by Sy/7 and in space by half a radiation
wavelength to come together. This length is LD
= h.,y /[2(8y/7)], where (Sy/y) is induced by the
synchrotron rotation in the ponderomotive potential.
The drift length L can be substituted by a dispersion
magnet which produces an "effective drift distance"
proportional to L and therefore permits to enhance
the gain with shorter devices.

In order to obtain quantitative confirmation of
these ideas, they were numerically investigated utiliz-
ing the TRW one-dimensional code that includes dif-
fraction effects of the input Gaussian optical beam
and finite electron beam emittance. The basic
features of this code are similar to those utilized
to describe the characteristics of the CW and
TWFEL. ' The numerical results presented here
utilize the optimum parameters of the TRW experi-
ment: X, =10.6 p,m, electron beam energy Eb =25
MeV, electron beam peak current I =40 A, elec-
tron beam radius r, = 2.2S mm = photon beam
waist r~, total interaction length L «4 m, effective
energy spread (square) hy/7 = 0.5%, and a„
= (eB„A,„/2mmc~) =0.98. Figure 1 shows the
gain spectrum obtained for a simple L = 4 m tapered

wriggler FEL for different input powers. The large
taper is required to obtain sufficiently high gain
(& 8%) at 500 MW (for smaller tapers the gain peaks
at smaller cavity powers). For P, ( 1 MW the gain is
below 5% with a wide spectrum, b, co/cu & 4%.

In order to test the MCW idea, we first simulated a
3-m two-component wiggler as illustrated in Fig. 2.
In that figure and the following figures, )La„/a„
represents the fractional change in a through the
wiggler. Case (1) corresponds to a 1-m CW followed
by a 2-rn TW separated by a 1-cm phase adjustment
section, and the order of the components is inverted
for case (2). The parameters are chosen in such a

way that yg ( yg and yipj yp is optimum for
the whole system. The exact parameters utilized in
the simulation are indicated in the figure. The taper
utilized, 5 = 20%, would correspond to an optimum
power of 500 MW for a simple TW with L = 2 m and
of 100 MW if L = 3 m. The gain curve (gain versus
power, at fixed y) for the simple TWFEL is also
shown in Fig. 2. The effect of the 1-m CW section
in case (1) is to increase the small-signal gain over
that of a simple 3-m TWFEL by a factor larger than
10. At very high powers (P & 500 MW) the system
behaves as a simple 3-m TW of 5 = 20%. The gain at
100 MW is enhanced by a factor of almost 2 and the
optimum power now occurs at 50 MW. For case (2),
the small-signal gain is also increased by almost a fac-
tor of 10, however, for very high powers the system
behaves as a simple 2-m TWFEL.

In case (1), the initial CW acts as a buncher sec-
tion of the TW and the optimum power of this device
is smaller than that of a 3-m TW for the same taper
d. For very high powers, the bucket size is suffi-
ciently large that the increase in bunching does not
play an important role and the whole system behaves
as a 3-m TWFEL. For case (2), the CW is practically
transparent to high powers and all the gain is deter-
mined by the 2-m TW. The dip in the curve is due
to the fact that this system essentially behaves like
two separate components and the optimum power of
the 2-m TW is at those high powers for which the
CW gain curve is already very small. Obviously,
several possibilities can be suggested to obtain a
monotonically decreasing gain curve with sufficient
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FIG. 1. Gain spectrum for different input powers—
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FIG. 2. Multicomponent FEL (MCFEL) gain vs input
power for a two-component wiggler FEL. Dashed lines are
gain curves for simple TWFEL's.
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gain at high powers. For example, a system similar
to (2) with a very small taper (I —1% or so) for the
first section will decrease by a very small amount the
small-signal gain but will increase the gain at the dip.
Another possibility is to consider the effect of drift
sections in the high-signal gain.

In order to test the optical klystron idea for a
TWFEL, a three-component wiggler (CW, drift
space, TW) was simulated, as shown in Fig. 3. In
this figure the results obtained for a short prebuncher
CW section (Lq= 15 cm) followed by an LD= 1-m
drift section and by a 3- and a 2-m TW section,
respectively, are compared with those of simple 3-
and 2-m TWFEL's whose P occur at 100 and 500
MW, respectively. The three-component wiggler
comparison is then made on the basis of where the
P, " occurs. A comparison with a simple TWFEL of
L =4 m with P, ' at 500 MW can be made by utiliz-
ing Fig. 1. The lengths LC and LD were chosen to
maximize the bunching at high power. The gain and
efficiency are enhanced at P, " by a factor of almost
2. This enhancement will not be effective if the po-
tential well is full from the beginning; in that case the
particles bunched in phase space will spread in energy
beyond the well.

As a final demonstration of the possibilities of a
MCW system for FEL oscillators, a four-component
system was simulated as illustrated in Fig. 4. Essen-
tially, a prebuncher (CW plus drift section) was ad-
ded to the case (2), of Fig. 2. In addition, the taper
was decreased to 13% corresponding to an optimum
power of the simple 2-m TW near 100 MW, coin-
cident with the optimum power of a simple 3-m TW
with 5 =0.20. In this system the small-signal gain is
further enhanced by utilizing the whole initial 3 m as
a prebuncher and drift space for the final 1-m CW
section. Note that the small-signal gain is 60% corn-
pared to 20% in Fig. 2 and less than 3% for the single
3-m TW. The high-signal gain is increased over that
of a 3-m taper due to the prebuncher; however, this
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FIG. 4. Multicomponent FEL gain vs input power for a
three-component wiggler with drift space; same parameters
as Fig. 3 except b, = 0.133, y = yz (Lz) = y~ (Lq). Dashed
line is gain curve for a simple TW with Lz = 3 m.

increase is less than a factor of 2 due to the initial
energy spread (0.5%) of the electron beam. In addi-
tion, the whole gain curve has an almost (except for
the small bump at a 100 MW) monotonically decreas-
ing characteristic. The case shown in Fig. 4 has a to-
tal single pass efficient q = 3% at P = 600 MW which
is assumed to be the saturation power for a cavity
loss of 5%.

More important than to show plain gain enhance-
ment is to look at the improvement in the gain spec-
trum. Comparison between Figs. 1 and 5 shows the
decrease (with respect to that of a simple L = 4 m
TWFEL) in the spectrum width for small signals, the
increase of the maximum gain peak, and the almost
negligible shift in the peak for the MCW of total
L =4 m. This is due to flexibility of choosing dif-
ferent y~ for the different sections of the MCW.
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These results can be optimized further by utilizing a
very small taper wiggler instead of the CW. The
number of photon passes calculated to obtain satura-
tion at 600 MW, assuming an injected power of 1

MW, was 90 for the case shown in Fig. 4. It should
be noted that the total length of the MCWFEL can
be reduced by utilizing a dispersion magnet instead of
a drift section.

Although we have presented here specific numeri-
cal examples, the use of appropriate CW and drift
sections will enhance the gain and efficiency and de-
crease the gain spectrum width of any TWFEL. The
appropriate length and 5 for each section is deter-
mined by calculating the length necessary to produce
an energy modulation Ay and the bunching drift
length LD for different input powers, the taper for
optimum power at P, ' for the total effective length

and by arranging the sections so that y & y~ at low

powers and y = y&Tw at P —Ps
In conclusion, we have analyzed the main charac-

teristics that determine the gain and gain spectrum
versus power curves for different tapers and
developed a scheme that permits the operation of the
FEL as an oscillator, at very high powers. The
scheme MCWFEL increases the small-signal gain by
a factor larger than 10, provides a smooth gain curve,
and decreases or eliminates the possibility of frequen-
cy chirp due to nonoptimum electron beam energy
injection.

We wish to acknowledge the meaningful discus-
sions with the other members of the TRW FEL
group: H. Boehmer, J. Edighoffer, S. Fornaca, J.
Munch, G. R. Neil, and B. Saur.
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