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Efficiency Enhancement and Optical Guiding in a Tapered High-Power
Finite-Pulse Free-Electron Laser
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+e compare the radiation output from simulations of a finite-pulse high-power laser for several taper-
ing rates. A fast taper leads to a tenfold increase in efficiency as compared to a slow taper, with little
change in peak radiation intensity. The enhanced power for fast tapering rates is due to an increase in
the optical-pulse cross section, brought about by a reduction in refractive guiding. This is analyzed by
an envelope equation for the radiation beam. For the tapering rates leading to the highest powers, the
optical pulse is virtually free of sideband modulation.

PACS numbers: 42.55.Tb, 52.75.Ms

One-dimensional free-electron-laser (FEL) theory pre-
dicts that the radiation intensity increases when the
wiggler is tapered, leading to higher efficiency. ' Thus,
one would expect that a faster taper should lead to a
higher output intensity and efFiciency. Multidimensional
results are generally reported as an increase in output
power, without specifying the intensity, which is a key
parameter in many applications. We have studied a
high-power, finite-pulse FEL with a 3D, axisymmetric,
time-dependent code. Comparison of the radiation at
the wiggler exit for several tapering rates confirms the
increase in power enhancement with faster tapering
rates. Surprisingly, this improvement is not primarily
due to an increase in the peak intensity within the pulse;
rather, it is due to an increase in the radiation spot size.
It turns out that the extra energy extracted from the
electron beam is spread over a larger cross section due to
a reduction in optical guiding.

Two causes of guiding, ' ' ' ' gain focusing and re-
fractive guiding, have been distinguished based on the
notion of a complex refractive index. In general, these
two participate simultaneously and their combined eA'ect

on the spot size can be ascertained via the envelope equa-
tion for the radiation beam in an FEL. ' We find that
refractive guiding, which dominates gain focusing, di-
minishes as the tapering rate is increased. As a result
the wave fronts become more convex and the spot size in-

creases.
To examine guiding, consider the FEL refractive in-
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the charge and rn the mass of an electron with energy
ymc, B„the amplitude, and 2tr/k. „, the period of the
wiggler. The electron phase relative to the ponderomo-
tive potential is g, and (. . . ) denotes a beam average.
The optical vector potential is represented by

Ae' '=I' "e„/2+c.c., where A(r, t) is a slowly varying
amplitude, co is the frequency, and e is the unit vector
along the x axis. The real part of p governs the refrac-
tive eff'ect and the imaginary part describes the gain.
Their combined role in the evolution of the radiation spot
size r, (z, t) is expressed by the envelope equation'

r,"+K (z, t, r„~ ap~ )r, =0,
K =(2c/co) l —1+2Ccosg„+C sin'g,

+ (co/2c)r, C'sing, lr,

where a0 is the amplitude of the fundamental Gaussian
mode, C = (2lb/17 ) „)Ha„/

~
ap ~, the prime symbol

=—tl/|lz+c ' rl/rlt, Ib is the beam current in kiloamperes,
0, which is a form factor related to the transverse profile
of the electron beam, is roughly a constant and close to
unity herein, y, is the relativistic factor for a resonant
electron, and g„ is the resonance phase approximation for
(g). The —

1 in the expression for K is due to vacuum
diffraction, 2Ccosg„contributes to refractive guiding
arising from the real part of p, and the third and fourth
terms, due to the imaginary part of p, contribute to gain
focusing. The relative importance of these will be dis-
cussed along with the simulation results.

The code employs the method of source-dependent ex-
pansion, ' using Gaussian Laguerre functions to evolve
the optical field. ' Betatron motion in a wiggler with
parabolic pole faces is included. The initial electron dis-
tribution is a parabolic along the axial direction and in
the transverse plane. The parameters for the computa-
tions, which are similar to those for the proposed rf-linac
FEL experiment at the Boeing Aerospace Company, are
listed in Table I. '' The input power is sufficient to ini-
tially trap all the electrons. The tapering of the wiggler
field, commencing at the entrance, is obtained by
prescribing a constant rate of decrease of electron energy
dy, /dz (0.

For brevity, the results for only two tapering rates will
be discussed. Case (a), —d), /dz =0.1 m ' ($„=1.8'),
has a slow taper, and case (b), —dy, /dz =1.3 m
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TABLE I. Parameters for a high-power, rf-linac FEL.

Energy ymc
Current Ib

Normalized edge emittance
E-beam radius
E-beam pulse length
Wiggler field 8
Wiggler period 2rr/k„.
%'iggler length L
Radiation wavelength 2rrc/ro

Initial spot size r,
Peak radiation input power

175 MeV
450 A
153 mm mrad
1 mm

6.7 ps
6.4 kG
4.7 cm
42 m

1 pm
1.25 mm

450 MW'

~ L[(1+a„/ 2)/y, —(rrc/rar, ) ] = I mm,

where the second term is due to transverse eA'ects. This
is comparable to that observed in Fig. 1. Figure 1(a)

((,=18'), has a fast taper. Figure 1 shows the profiles
of the optical pulse ! a(z, r=0)! and the electron pulse
at the end of the wiggler for cases (a) and (b). Note
that the peak intensity (-!a! ) is about the same in

both cases. The asymmetry of the optical pulse is due to
the slippage of the electrons, which causes a greater
amplification of the trailing side of the optical pulse as
compared to the leading edge. Taking account of the
finite transverse extent of the pulse, the slippage over a
wiggler of length L is

also illustrates the growth of sideband modulations from
the leading to the trailing edge of the optical pulse. Note
the sharp reduction in the modulation of the pulse in the
more rapidly tapered case (b), Fig. 1(b), as in a recent
experiment. '

Figure 2 shows the radiation spot size r, (z) (solid
line) and wave-front curvature a(z) (dashed line), with

a(z) normalized to rar, /2c No. te that in the region
where the field amplitude is significant the spot size is

much smaller than in the surrounding regions where
a=o, and r, and a evolve as in vacuum. Note further
that for case (a), shown in Fig. 2(a), a=0 within pulse,
indicating roughly planar wave fronts. On the other
hand, for case (b), shown in Fig. 2(b), a) 0, indicating
that the wave fronts are convex everywhere.

Figures 3 and 4 show the real and imaginary parts of
p(z) at the end of the wiggler. Comparing Figs. 3(a)
and 3(b) it is apparent that Re@ is significantly larger in

the former, case (a). On the other hand, noting that
Imp (0 corresponds to gain, Fig. 4(a) indicates that the
net gain is approximately zero after averaging over the
synchrotron modulations, whereas the more rapidly ta-
pered case (b) of Fig. 4(b) is seen to have a net gain in

the region where the optical field is significant.
The implication of these results with regard to the spot

size may be ascertained by a consideration of the terms
in K in the envelope equation. Taking account of the
fraction of trapped electrons, one finds that in going
from case (a) to case (b) the gain-focusing term
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FIG. 1. Vector potential ! a(z, r=0)! and linear electron
density %(z) at wriggler exit. (a) Slow tapering rate, resonance
phase (,=1.8' [case (a)]; (b) rapid tapering rate, resonance
phase (,=18 [case (b)1. Note that intensity ~!a!'.
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FIG. 2. Spot size r, (z) and normalized curvature a(z) at
wiggler exit. (a) Slow taper |case (a)); (b) rapid taper [case
(b)j.
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Real p(z, r 0) part of refractive index at wiggler
exit. (a) Slow taper [case (a)]; (b) rapid taper [case (b)].

term 2Ccos(„decreases from 3. 1 to 1.6. The increase in

the magnitude of the gain-focusing terms in going from
case (a) to case (b) is principally due to the increase in

Concurrently, the 50% reduction in the refractive-
guiding term is due to the increase in i

aors

and the de-
crease in a . Since the refractive-guiding term is the
dominant term, the reduction in its value leads to a de-
crease in K, and hence to reduced optical guiding. The
net effect is the increase in the spot size and the curva-
ture observed in Fig. 2(b) as compared to Fig. 2(a). In
other words, the wave fronts become increasingly convex
with faster tapering rate.

Figure 5 summarizes the results for the nine tapering
rates —dy, /dz =0.1,0.3, . . . , 1.7 m ', corresponding to
(„=1.8', 3.5', . . . , 35'. Beyond —dy, /dz =0.3 m

the amplitude ia i is fairly constant up to —d)„/dz
=1.3 m ', after which it decreases. However, there is a
near-monotonic increase in the spot size. Therefore, it is

the increased transverse extent of the optical field —and
not an increase in intensity —that is responsible for the
enhancement in the power ( ec

i r, a i ) observed in Fig. 5.
Based on the desired output power and the constraint on

the maximum spot size one can determine the optimal

C sin g, increases from 2.4x 10 ' to 7 x 10 . The
other term, (ro/2c)r, C'sing„changes from —4.4x 10
to —2.4& 10, the negative sign indicating a defocusing
contribution. On the other hand, the refractive-guiding
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FIG. 4. Imaginary p(z, r=0) part of refractive index at
wiggler exit. (a) Slow taper [case (a)]; (b) rapid taper [case
(b)].
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FIG. 5. Summary of results for various tapering rates
—dy, /dz. Efficiencies are obtained from total energy in optical
field. For other quantities, ordinate values correspond to
peak-power point along the pulse, which varies somewhat be-
tween the diAerent tapering rates.
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tapering from Fig. 5.
Returning to Fig. 1, the period of the sideband modu-

lation in Fig. 1 is within 10% of that given by theory. ' '
Tapering reduces sideband modulation by decreasing the

trapping fraction and by distorting the synchrotron
motion. ' ' The trapping fraction drops from —40% in

case (a) to —35% in case (b). A measure of the distor-
tion of electron orbits is given by

' R—:
i c (d y, /dz)

/((3(y —y„)) i which is the ratio of the change in energy
c dy, /dz due to tapering and the change in energy
(Q(y —y, )& due to synchrotron motion, where 0 =ck„
x [2a

i a i/(1+a )] ' is the synchrotron frequency.
For case (a), R =1%, indicating a slight distortion,
whereas for case (b), R=25%, indicating significant
modification of the synchrotron motion and thus, re-
duced sideband modulation, as is indeed observed in Fig.
1(b).

In summary, we find that tapering does not sig-
nificantly aA'ect the peak intensity in an FEL. Power
enhancement is accomplished by spreading the radiation
into a larger cross section due to reduced refractive guid-
ing. It should be remarked that tapering can lead to an
increase in the intensity if the spot size is held constant.
From the envelope equation it can be shown that this

may be achieved by suitable "tapering" of the electron-
beam radius. For a tapered FEL with the parameters
herein, distortion of electron orbits due to tapering is ob-
served to be a significant cause for the reduction in side-
band amplitude.
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