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Harmonic Cascade FEL Designsfor LUX*

G. Penn, M. Reinsch, J. Wurtélel.N. Corlett, W.M. Fawley, A. Zholents, W. Wan
LBNL, 1 Cyclotron Road, Berkeley, CA 94720, USA

Abstract through the multiple harmonics, and the laser seed synchro-

nizes the entire cascade. The output radiation can stijl var

LUX'is a design concept for an ultrafast X-ray sciencey, q 4 fiyctuations in the seed laser, electron beam, timing,

faC|.I|ty,_based onan (_alect_ron beam accel-erated to Gev N alignment. The sensitivity to fluctuations and misalign-
ergies in a recirculating linac. Included in the design ar

fhents is studied for each cascade.

short duration (200 fs or shorter FWHM) light sources us- ! u ! ) :

) . . . . We consider a configuration where the beam makes three
ing multiple stages of higher harmonic generation, seeded

by a 200—250 nm laser of similar duration. This laser mod2335¢3 through a recirculating linac, exiting with enargie

ulates the energy of a group of electrons within the eIectrocl)ﬁf 1.1, 2.1, and 3.1 GeV. Proper FEL performance re-
gy group uires that the undulator satisfy the resonance condition,

bunch; this section of the electron bunch then produces r%—N Ao (14a2)/292, where is the radiation wavelength
diation at a higher harmonic after entering a second, diffef. . ¥ NG i 29 '
/\IH is the undulator period, the electron energyyis.c=,

ently tuned undulator. Repeated stages in a cascade yié _ . !
. . . anday = eBrmsAu/2mmec is the normalized undulator
increasing photon energies up to 1 keV. Most of the und"fi_eld strength; herdnys is the RMS value of the undu-

lators |n.the cascade operate in the .Iow-galn FEL reg'm?ait?r field on axis. Thus, the undulators must be adjusted
Harmonic cascades have been designed for each pass 0

) - , each time the output radiation wavelength is changed.
the recirculating linac up to a final electron beam energy ) .
of 3.1 GeV. For a given cascade, the photon energy can be WO different functions are performed by the undulators.
selected over a wide range by varying the seed laser frgl_the modulators, the electrons_overlap alase_zr flel(_j as they
quency and the field strength in the undulators. We presel@SS 'Fhrough the undulator. T_hls creates a sinusoidal vari-
simulation results using the codes GENESIS and GINGEP?,“On in the electron energy with Flme. Before the elegtron
as well as the results of analytical models which predié?_eam enters the n_ext undulator, it is sent through a disper-
FEL performance. We discuss lattice considerations perti:'® transport section that generates alinear shift initang

nent for harmonic cascade FELSs, as well as sensitivity stuglnal pos_ltlon W'th_ energy. This can be adjusted to produce
ies and requirements on the electron beam. substantial bunching of the beam. The beam then enters the

radiator, which is tuned to a higher harmonic of the initial

laser seed; radiation is produced when the density modula-
HARMONIC CASCADE DESIGN tion has Fourier components at the appropriate wavelength.

. . . The energy modulation is at this point transformed into
A harmonic cascade involves multiple stages of har- 9y P

. . an increase in energy spread, which should satis
monic generation [1], where each stage uses two undulators gy spread fy

. . . . _ a/7 < preL, Whereppgy, is the “FEL parameter” [4]
and a d!sperS|ve_sect|qn to prpdgct outgoing radiation atV\a/‘hich reflects the tolerance of an FEL to deviations from
harmonic of the incoming radiation. As part of the LUX

[2. 3] design concept, harmonic cascades would be usgé]faresonance condition. The electron beam is then delayed

. . ) tive to the laser field using a chicane, so that in the fol-

to produce very high harmonics of optical or UV lasers; _ . : P w :
o : lowing modulator the laser field overlaps a “fresh” section
the radiation would be tunable over a wide range of pho-
of the electron beam.

ton energies by varying the initial laser frequency and the
sequence of harmonic numbers, which multiply the pho- Most of t.he undulators are gssumed to be of the planar
brid design, where magnetic poles are sandwiched be-

ton energy. The design considered here produces pho tween alternating high-field permanent magnets. The peak

energies of up to 1 keV. . S > ,
In the following simulations, the laser seed is assumeftljeld on axis is related to the gap, according to the fit
' given by K. Halbach [5] (for SmGg):

to have a peak power of 100 MW and FWHM of 200 fs,
and to be tunable over a range of wavelengths including

the interval from 200 — 250 nm. Nominal values for the By|T] = 3.33exp {—i (5.47 - 1.8£)} .
electron beam are 2Zm normalized emittance, a uniform Au Au

energy spread of +/- 200 keV, and a flat-top current proﬂl‘f’he magnetic field strength is tuned by adjusting the gap.

having a value of 500 A and with a duration of 2 ps. ; S .

Most of th dulators in th d tein the | Tapering of the magnetic field is required for proper match-

: OsEi eun uBa orsin i?ﬁ.scihe operai einthe OVYﬁg; here two magnetic periods on each side of the undula-
gf_un | lreglme._ ecatljse 0 q ('js’ ?spon aneousl_][gq rs are simply designated as drift space. The final radiator
ation levels remain very low and do not become amplifi€d o (aren to be helical undulators, which allows for circu-

*This work was supported by the U.S. Department of Energy rundeIarly pol_arlzed radiation. The l’!ndUIator paramet.ers fer_ th .
Contract No. DE-AC03-76SF00098 harmonic cascades are given in Tables 1 and 2; tapering is

T also at University of California, Berkeley, CA 94720, USA excluded.




250 1 —e—200 nm seed power

Table 1: Planar undulator parameters and requirements for D T

10 nm, 520 A
harmonic cascades at different energies. = 10nm. 4804
Period | Energy| length | peakB gap —— rominal (500
om) | Gev) | m | M | mm | i R
140 2.1 28 | 0.74-0.83] 39-43 g /
31 28 110 — 124 27 — 31 E / 200 fs FWHM seed laser \\\
80 1.1 24 |0.89-1.00f 19-22 £ 100 \
2.1 3.2 | 068-0.95 19-26 ///J \\\
3.1 24 |1.03-1.42 13-19 e 5 ‘
50 1.1 3.0 [ 0.77-1.15| 10.4-14.9 /?/‘/ \\\
2.1 6.0 | 0.73-1.10 11.0-15.5 ‘ ‘ ‘ . ‘ ‘ ‘
3.1 4.0 1.12-1.47| 7.8-10.7 -150 -100 -50 0 0 p g 100 150
35 3.1 6.3 | 0.89-1.51 5.3-93 3% 300
——500 A
=480 A
Table 2: Helical undulator parameters for each cascade,, '
Period | Energy| length| B on axis g R
(mm) | (GeV) | (m) (M = '
35 1.1 6.3 | 0.39-0.97 &
2.1 6.3 | 0.38-0.92 5 24
28 3.1 8.4 | 0.50-0.94 é // \\

SIMULATION RESULTS

Here we present simulation results for select examples'
of harmonic cascades. These simulations were performed
using the GENESIS [6] simulation code, which is fully 3-Figure 1: Temporal structure of output power (top) and
dimensional, allowing for the inclusion of effects such agphase (bottom) at 1.1 GeV, yielding 10 nm radiation from
beam misalignments. Earlier simulations have been pex-200 nm laser seed. Simulations are shown for electron
formed by W.M. Fawley [7] using the GINGER code [8]. bunch current of 500 A, and 5B 20 A.

Each cascade begins with a modulator that has an exter-
lr:;l ;?igé tsg:s Ig J\:\?er? c?fO(l)OO Zﬁsvng’df%%ﬁ&d o?nng E& 150 fs, with 16 fs ramps. The energy per pulse is/613
Following this are pairs of identical undulators, plus affina 29

-100 -50 50 100
T (fs)

radiator. In between the undulators, there are 1.2 m gapsoo » :giggz

for the dispersive sections and the chicanes. 1000 / ~ 1.1 GeV
For the 1.1 GeV electron beam, the cascade has twooo @/ /

stages and, including the 1.2 m drifts and the undulator ta-so / /’/

pering, has a total length of 19.2 m. The output power i§ 700 ] @/‘

shown in Figure 1 for the case of 10 nm wavelength, frong 600 @/ ]

an initial laser seed which has a 200 nm wavelength. Hag-50 °

monic numbers 5 and 20 are used. Even with a Gaussiai® ] m /!*EOV?ZI.E

input laser, the final radiator produces a flat-top laser pro-zzz 8 a1 1y

file in time, with 213 MW of peak power, FWHM of 180 Iy 64] ,

fs, with 35 fs ramps. The energy per pulse is;30 057

For the 2.1 GeV electron beam, the cascade has three" |
stages and a total length of 34.8 m. For a 2.5 nm wave-

length, using harmonics numbers 5, 20, and 80 from a 2Gfgure 2: Output power as a function of wavelength for the
nm laser seed, the final radiator produces a flat-top lasgfree energy levels, tuned by varying both the input laser
profile in time, with 80 MW of peak power, FWHM of 200 frequency and the harmonic number sequence. Total har-
fs, with 35 fs ramps. The energy per pulse is pJ2 monic number is shown in boxes.
For the 3.1 GeV electron beam, the cascade has four

stages and a total length of 46.0 m. For a 1.0 nm wave- Figure 2 shows the sweep of the cascades at each en-
length, using harmonics numbers 4, 16, 64, and 192 froergy. The output power improves as the wavelength is in-
a 200 nm laser seed, the final radiator produces a flat-t@peased, until the required undulator field strength besome
laser profile in time, with 41 MW of peak power, FWHM too high. The three energy levels combine to produce a

10 wavelength (nm) 100



continuous range of photon energies from 40 eV up to 11aser beams. The example with 1 nm output radiation ex-
keV. hibits a reduction of 26% in peak power when the electron
bunch is displaced by 20m. Misalignments in angle also
reduce the peak power; in the 1 nm example, peak power
SENSITIVITY STUDIES drops by 7% for misalignments of 4@&ad. For compari-
The sensitivity studies described here vary the electrgiPn: the RMS radius of the electron bunch is;88, and
beam properties without changing the harmonic cascadé® RMS angle is 4@rad.
parameters, which are tuned for the nominal case. The ef-
fect of misalignments are also considered. The results of ANALYTIC THEORY

- 0
§h|ﬂ|ng _the beam currgnt by 4% ha_s a'Teady been Sho‘fv” An analytic theory for seeded beams has been developed
in the Figure 1, including the variation in temporal profile.

In Table 3, the results are summarized for the highest ph&v-hlc.h allows for rap|q predictions gnd optimization of har
monic cascades. This has been implemented as a Mathe-
ton energy for each cascade. . . :

matica script. For the first stage, when seeded by a large

external laser, the theory predicts that the optimal power

Table 3: Sensitivity studies: dependence of peak power SitPUt, P, will be
electron beam current, emittance, and energy spread, for

different harmonic cascades. P ARDENGELH(E) = hEQF ] (j;lil)
€
Perturbation 1.P1egke\|c;ow§.r 1(l\é\(/ev\3 21 Gel X F2(jr,10v/70r) <1 + 4% A%Z) ()
10 nm 2.5nm 1.0 nm
Nominal 213 34.6 414 Here, Zy = 377 Q, Ny is the number of undulator pe-
1=480 A 185 29.2 38.1 riods in the radiator,, is the harmonic numberg =
1=520 A 237 385 45.8 a? /2(1+ a},), andF, depends on the energy distribution
en=2.2m 172 25 4 33.0 and decreases with increasing argument. At this optimum,
en=1.8m 260 393 51.3 the Rayleigh length will b&Zr ~ 0.15L + 2wo2 /A, where
,=0.43 189 200 34.8 L is the length of the undulator and is the electron beam
,=0.35 234 38.8 48.7 size. More generally, a numerical and less accurate predic-

tion results, but it is accurate to within 20%.
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