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ONE-DIMENSIONAL SIMULATION OF A FREE-ELECTRON LASER OS-
CILLATOR USING A DIFFRACTION GRATING AS A CAVITY MJRROR*

H. Tukeda and J. E. Sollid
Los Alamos National Laboratory, MS-E551, Los Alamos, NM 87545 USA

The free-electron laser (FEL) oscillator is known to excite parasitic sideband wave-
lengths in addition to the fundamental wavelengths at high intracavity power. When a
tapered 'wviggler is used, the sidebands reduce the extraction efficiency. To eliminate the
sidebands and to increase the extraction efficiency, we studied an FEL cavity with one of
the mirrors ruled as a diffraction grating. The diffraction grating deflects the light in the
cavity selectively according to the wavelength: the sidebands can be eliminated by deflec-
tion to off-axis of the cavity. Because the grating mirror must be mounied with an angle,
laser pulse is stretched after diffraction. The pulse stretching reduces optical intensity.
We studied the effect of pulse stretching numerically using a one-dimensional FEL code
FELP.! Using this code, the free-electron laser performance is calculated and compared
with different line densities of grating for the following three wigglers: an untapered wig-
gler, a 12% wavelength tapered wiggler, and a wiggler tapered in v.ave number by 30%.

The wavelength aperture caused by the grating also is studied as a function of line density.

1. Introduction

To achieve a high extraction efficiency, the sidebands can be climinated by several
optical methods as discussed in ref. [1}]. One of the methods utilizes the deflection of
light in the cavity selectively according te the wavelength. This can be done by making
ore of the mirrors into a diffraciion grating. Because the grating introduces stepwise
discontinuities in the optical pulse, a rather high optieal loss must be compromised wirh
the merit of efficieney enhiancement. The diffracted light pulse is also stretehea temporally.

The effects of the grating on the optical pulse are three dimensional. To compare

the optical results with the cavity without grating, in which sidebands are exeited, we
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have folded the three-dimen: ' mnal effects induced by a grating into a one-dimensional,
free-electron laser pulse code FELP. Using this code, the laser performance is calculated
and compared for different line densities of grating.

Although the calculation performed here is idealized, similar gratings are built; a
sideband suppression experiment was performed with an untapered wiggler at the Los

Alamos free-ciectron laser facility as discussed in ref. [2].
2. The suppression of sidebands by a ruled mirror

Given a grating line spacing d, the incidence angle 8, and the diffraction angle 6,

measured frcem the normal to the average surface are related by the grating formula as
si110.,=—si119.'+%, (1
where A is the wavelength of the laser.

When a grating is mounted to satisfy the Littrow condition, i.e., the incidence ang e 6,
and the diffraction angle 8, are set equal, they satisfy eq. (1) with 8, = 8,. By inspecting
the geometry shown in fig. 1, we sce that the grating blaze angle 6, is equal to §,. We
designate the wavelength and the diffraction angle that satisfy the Littrow condition as Ag

and 8,9 or 8,0. Then, the grating formula reduces to

. . : Ao
sinfy = sinf,g =snf,g = vl (2)
2

Assuming that the grating is mounted at 8y for Ay, and that a laser with a wavelength \
that differs from Ay shines on the grating with the angle of incidence at 6,4, the diffraction
angle 8, 1s obtained as

1
Sill ()u = (‘—i(‘l/\ - ,\“) . (3)
MV

This equation shows that the sidebands, having wavelengths other than \,, are diffracted
off axis. By eanting the optiecal axis of the mled mirror with the blaze anale 81 so that
vhe Littrow ray with Ay stays on the cavity axis after successive diffraction, sidebands can
e diffracted off axis of the eavity and eventually eliminated. Fig. 2 shows the eavity
configuration.

The canted mnror maodifies the ideal Gorrsinn mode in two ways: Fiest | the light pualse
s spestrally separated and is sprend faterally. Hecond, the light pulse is stretehed beeanse
the delay time of wavelets from lateral positions on the mireor s induced proportional to

the distanee from the center of the canted mirror,



Because any light pulse can be decomposed into wavelength components, we can

explore the wavelength accept nce of the cavity by tracing a monochromatic ray in the

cavity.
3. The wavelength acceptance of a cavity

When the pulse is stretched by the canted mirror and diffracted hack to the cavity
optical axis, the spectrum of the pulse narrows because the waves with the remaining
wavelengths are diffracted to off-axis directions. When the wavelength is very different
from Ao, the cavity can not sustain these waves in subsequent passes and the waves at

these wavelengths will be lost from the cavity.

Knowing the incidence angle 8, and the incidence position at the mirror in the cavity,
the diffracted ray can be calculated using eq. (1). By tracing the ray for a number of
passes, the wavelength acceptance of the cavity can be obtained: The rays within the
acceptance stay in the cavity, and the rays out of the acceptance are lost from the cavity.
The ray with Ag traces on the cavity axis, but rays with other wavelengths beunce in the
cavity with an angle to the optical axis and with a lateral displacement. Starting on-axis,
a ray was traced up to 2000 passes. Table 1 shows the mirror and the cavity parameters
used in the simulation. Apertures that correspond to three times the dimension’s walsts
are imposed at the cavity center and at the mirrors to eliminate out-of-bound rays. A ray
with a wavelength of 10.045 ;,um made only three round tiips in the cavity and was then lost
(fig. 3a). The munber of hits at the ruled mitror is plotted as a function of lateral position
at the mirror. When the wavelength of che ray is chosen closer to the Littrow wavelength
Ao = 10.1 pm, the ray is contained in the cavity, At wavelength A = 10.084 pm, the ray
oscillated between the center of the mirror and the -0.9 em position about the average
position at 0.4 em. The large entry at both ends shows that the intersection of the vay
and the mirror moves slowly at boali ends. At wavelength A = 10124 jan, the ray oscillates
in o similar way, but the average position is at 0.5 cin. The ray with A 2 10143 pnas
lost after four passes, as seen in fig. 31

For gratings ruled with 6 lines/mm and 10 Lin s/min, the wavelength aceeptances 4\ /\
by ray tracing are obtained s 0.8% + 017 and 0.4% 1 0%, respectively. If we neglect
the transverse oscillation of rays at the mirror, the average ray position that covresponds
to the mtersection by a stationary ray in the cavity can be ealealated analytically from

peometrical considerntions alone. This procedure vields aceeptances abont fwiee the ray



simulation.
4. The pulse stretching by a ruled mirror

We can assume that the optical cavity establishes approximately a Gaussian mode
between mirrors. When an optical pulse exits from the undulator with its transverse

Gaussian profile, the waist size ry 13 determined as a function of dist:.nce z from the center

of thie undulator as

ro = % 1+(%)2, (4)

w.ere A and b are the wavelength of the laser and the Rayieigh range. The pulse arrives at
the ruled mirror after diffracting and expanding its waist while maintaining the Gaussian
profile.

Satisfying the Littrow mouniing condition, the optical axis of the mirror with grating
is set to make an angle equal to the blaze angle 8;; with respect to the cavity axis. One end
of the Gaussian wing arrives at the mirror earlier than the other end of the wing. When
the center of the pulse arrives at the center of the mirror, the wavefront from one end is
already diffracied by the same distance as the distance from the wavefront of the other
end to the mirror.

At the Littrow mounting, the first-order diffraction of light by the mirror emerges as
if the light is reflectd by micromirrors mounted as stairs with spacing d and depth 1/2),
between them (fig. 4). When the wavelets from each micromirror are superposed along the
direction of propagation, a stretching of the light pulse is observed. We are assuming that
the mirror dimension is much smaller than the distance between the mirror and the wiggler
so that diffraction arriving at the wiggler can be considered as Fraunhofer diffraction. Even
if we assume that the light pulse that propagates to the mirror is on the optical axis of
the cuvity, the diffracted light from each micromirror is dispersed across the optienl nxis.
Although the laterally dispersed pulse propagates to the mirror with grating at proceeding
passes, only a pulse defined with the wavelengths surrounding the Littrow ray \g remains

in tie covity.
5. Simulations using a one-dimensional “ELP cade with pulse stretching

To fold the three dimensional diffraction effects mto a4 one dimencional code, we mianke

assutuptions: 1. We nssime that o diffracted light palse has o narrow bandwidth s



determined from the spectral components of the stretched pulse. 2. V/e assume that each

wavelet from the grating overlaps well with the electron beam at the wiggler.

The light pulse observed at the wiggler is the superposition of wavelets that are tem-
porally displaced. At this superposition we impose weights from individual wavelet inten-
sities. The light loss at the grating mirror is considered as a part of cavity ioss because the
material of the mirror and the ruling of the grating affect the amount of light diffracted

into the first-order diffraction.

The parameters used in the simulation are shown in Table 2. Because the grating
has a fixed, narrow bandwidth, the cant angle of the ruled niirror determines the center
wavelength of the window. The cant angle must be set so that the gain at the center
wavelength must far exceed the cavity loss. Because the gain curve changes its shape
as the laser intensity increases, this condition must be satisfied simultaneously both at
the small-signal and at the large-signal regime. The gain curves for the wiggler tapered
parabolically by 30% in wave number are shown in fig. 5; the large signal gain is obtained
with input intensity 1.7 x 10'! W/cm?. We set the cant angle to give a wavelength of
10.25 pum; this is shov n as the arrows in fig. 5. Siinilarly, the center wavelengths are set to
10.2 um for other types of wigglers: the untapered wiggler and the 12% tapered wiggler.
The center wave.engths are chosen as a compromise to obtain a large gain beth at high

intensity and at low intensity of the laser.

Calculating with the 30% wave number tapered wiggler, electric field profiles along
the pulse are shown at the top row in fig. 6 for both the 6 lines/mm grating and the 10
lines/mum grating. After 300 passes, they are stretched significantly. The pulse profile for
the unruled mirror shows a modulation caused by the sidebands. The Fourier transforms
of the pulses are shown in the second row of fig. 6. When no grating is present, we observe

a sigmificant presence of sidebands,
g I

Fig. 7 shows extraction efficiencies plotted with pass numbers for the 309% parabol
ically tapered wiggler; tig. 7a shows the 6 lines/mm grating, and fig. 7b shows the 10
lines/mim grating, showing peak current at 250 A and at 400 A. Although the gain curve
of the 30% tapered wiggler is known to have a relatively smull chirp in wavelength, it
15 more difficult to start up the system at low current for the mirror with 10 lines/imm
grating becanse the pulse stretehing reduces the peak intensity, and the effective gain seen
by the system reduces. When there is no grating, the sidebands develop and the extraction

efficiency Huetuates, as shown in g 8 at both electron beam currents. Also shown (fip. S)



are the single-pass extraction efficiencies that correspond to the peak gain of 5.5%.
6. Effects of gratings with the three types of wiggler

Multipass simulations using the one-dimensional code FELP were performed up to
600 passes, where the efficiencies reached saturation. A uniform wiggler, a 12% tapered
wiggler, and a 30% parabolically tapered wiggler are assumed for the simulations with
two types of grating mirrors: a mirror ruled with 6 lines/mm, and a mirror ruled with
10 lines/mm.

The extraction efficiencies are plotted in fig. 9 as a function of electron-beam current
for the untapered wiggler. For reference, the peak efficiencies of single-pass calculations
are also plotted; the input powers are set so that the peak gain is about 5.5%. The optical
power of the pulse reaches up to 0.5 GW and 2.0 GW with either grating at 250 A and
at 400 A, respectively. Without gratings, the optical power of the pulse reaches up to
4.5 GW at 400 A. However, the extraction efficiencies with either grating are at least
a factor of 2 lower than without gratings. This result shows that the pulse stretching
by the grating reduces the extraction efficiency significantly. Comparing the efficiencies
between no-grating and the single pass, we conclude that the sidebands contribute a higher
extiraction efficiency by over a factor of 2 at low current.

The extraction efficiencies for the 12% tapered wiggler are plotted in a manner similar
to that for the untapered wiggler (fig. 10). The single-pass peak efficiencies are also plotted
for reference. The optical powers of the pulse are 3 GW and 5 GW with currents at 250
and 400 A, respectively. Except at low current (150 A), the efficiencies do not depend on
the current, and they are almost equal for either case. The gratings fail to improve the
cfficiency except at low current.

The extraction efficiencies for the 30% parabolically tapered wiggler are plotted in
fig. 11. The single-pass peak cfficiencies are also plotted as a reference. The optical powers
of the pulse with 6 lines/mm gratiug at saturation are 5 GW and 9 GW with currents at
250 and 400 A, respectively. Without gratings, the optical powers are 3.8 GW and 6 GW
at these currents, where both the optical power and the sxtraction efficiencies fluctuate
about :£0.5 GW. Clearly, the gratings enhance the extraction efficiencies by a factor of at

least 1.2 for the 30% tapered wiggler.
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Table 1. Mirror and cavity parameters

Spherical mirror radii R 353 cm
Mirror separation 2D 691.8 cm
Littrow ray A 10.1 pm
Waist gy at cavity center 0.89 mm
Waist o, at mirror 6.33 mm
Aperture at cavity center +30¢ +2.67 mm
Aperture a¢ mirrors 30, +19 cm
Rayleigh range b 49 cm

Grating line spacing d

10 lines/mm,

6 lines/mm

Table 2. One-dimensional simulation parameters

E-beam peak current
E-beam energy
E-beam %‘1

E-beam emittance
E-beam pulse
Grating line density
Wiggler length
Wiggler taper

Wiggler period

Net intensity loss/pass

150 A, 250 A, 350 A
21 MeV
1%
1 7-mm-mrad
10 ps parabolic profile
6 lines/mm, 10 lines/mm
100 cm
Uniform, 12% in wavelength,
30% parabolically in wave: umber
2.73 cm at the entrance

5% (including grating loss)

=1
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Figure captions

Figure 1. In a mirror mounted to satisfy the Littrow mounting condition, the incident

angle 6;, the diffraction angle 8,, and the blaze angle ;; are equal.

Figure 2. A cavity with a mirror ruled with grating. The mirro: is canted at blaze

angle 8;;. The optical mode is semi-Gaussian.

Figure 3. Distribution of ray positions at the ruied mirror. The number of rays that
hit the mirror is shown as a function of position on the mirror. The wavelenth of

the ray determires the average position.

Figure 4. The pulse-stretching mechanism. Rays see the Littrow-mounted mirror with
grating  as stairs with a height A\g/2. Successive wavelets are displaced by )y,

and the pulse is stretched after superposition.

Figure 5. Small-signal and largz-signal gair curves for the 30% tapered wiggler. The cant
angles of the ruled mirrors are set so that they correspond to 10.25 um.

Figure 5. The stretched pulse profiles and the spectra are shown for gratings with 6 lines/mun.
with 10 lines/mm, and without gratings. Each spectrum has a single line when
gratings are used.

Figure 7. Extraction efficiencies with gratings for the 30% parabolically tapered wiggler.

Figure 8. Extraction efficiencies without gratirgs and efficiencies by single-pass calculation.

The peak gain is set to 5.5% for the single-pass calculation.

Figurc 9. The efficiencies for the untapered wiggler. The single-pass efficiencics are obtaiued
for a peak gain of 5.5%, thereby showing that the sidebands enhance efficiency

and that the grating reduces efficiency.

Figure 10. The efficiencies for the 12% tapered wiggler show that the grating is

ineffective in increasing the efficiency.
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Figure 11. The efficiencies for the 30% parabolically tapered wiggler show that the

efficiencies can .. = enhanced by the grating.
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