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Abstract age flux but for which high peak power cannot be tolerated.

A concept for a tunable soft x-ray free electron IaserShort wavelength FELs with high average power but lpwer

. . ) eak power can meet this need by using electron buhches

FEL) photon source is presented and studied numerically, . o

. . foduced at MHz and higher repetition rates and acgeler-

The concept is based on echo-enabled harmonic genera- | . . s

ion [1] (EEHG), wherein two modulator-chicane sections. ed in SC linacs operating in W mode. At LBNL, we
' currently are investigating [4] a CW, soft x-ray FEL driyen

mpose high harmonic structure with much greater efficacg a 2.4 GeV superconducting linac that feeds a suite|of as
hs compared to conventional high harmonic FELs that us :

bnly one modulator-chicane section. The idea proposenaamy asten FELs operated in either SASE mode or in glter-

; . Hative modes with high longitudinal coherence. The lptter
here is to replace the external laser power sources in the . . . .
include short pulse, single spike operation [5] wherein the

FEHG modulators with FEL oscillators, and to combine

: ) ! ._output pulse length needs to be comparable to the FHL co-
he bunching of the beam with the production of radia; ; : L .
. o ) S herence length, direct seeding (limited by the repetitaig r
ion. Tunability is accomplished by adjusting the mag-

. ; . . ; : 8f laser-driven high harmonic generation sources), multi-
hetic chicanes while the two oscillators remain at a fixe : .
Undulator self-seeding schemes [6], and seeded, harmonic

requency. This scheme eliminates the need to develop co- hift sch 7
nerent sources with the requisite power, pulse length, ang>Se emes [7].
Stability requirements by exploiting the MHz bunch repeti- However, there is an additional approach that produces
ion rates of FEL continuous wave (CW) sources driven b§xcellent longitudinal coherence and high average gower
superconducting (SC) linacs. We present time-dependertt &n oscillator configuration — for which the multi-MHz
GINGER simulation results for an EEHG scheme with afiepetition rate capability of SC linacs is an obvious match.
bscillator modulator at 43 nm employing 50% reflective diHistorically, short wavelength oscillators (> 10 nm du
blectric mirrors and a second modulator employing an eX0 lack of reflective mirrors at shorter wavelengths) Were
ernal, 215-nm drive laser. Peak output of order 300 M\first extensively studied in the 1980’s [8]. A numbef of

s obtained at 2.7 nm, corresponding to the 80th harmonftarmonic generation schemes using oscillators, werg also
bf 215 nm. An alternative single-cavity echo-oscillatoinvestigated [9, 10]. The results showed that while the(FEL
scheme based on a 13.4 nm oscillator is investigated wi®uld produce the radiation power needed to modulate the
ime-independent simulations that a 180-MW peak powetlectron beam, there was an over-bunching problem requir-
ht final wavelength of 1.12 nm. Three alternate configuld an optical klystron configuration to reduce the intr
ations that use separate bunches to produce the radiatibhPower. Double-oscillator schemes for high harmoni ra-
or EEHG microbunching are also presented. Our resulgjation were also briefly considered [10]. However, overall
show that oscillator-based soft x-ray FELs driven by cwinterest in oscillators appeared to wane by the early 2p00’s
5C linacs are extremely attractive because of their patentivith the success of UV and XUV SASE-based FELs such
o produce tunable radiation at high average power togeth@$ LEUTL[11], TTF-FEL[12], and FLASH. More recently,

hith excellent longitudinal coherence and narrow spectrdiere has been renewed interest [13] in an FEL oscillator
handwidth. operating directly at hard x-ray energies based on a g¢avity

employing multiple Bragg crystal reflectors, but this t¢ch-
nology cannot be readily extended to the soft x-ray regime.

INTRODUCTION _ . .
Today, layered dielectric mirror technology has |ad-
The last ten years have seen rapid experimental advans@siced greatly in performance [14] including mirrors
n short wavelength free electron laser operation at t&sli normal incidence reflectivity on the order of 50%-70% at

- , _ ~ sible to reach harmonic upshift ratios well in exce
* This work was supported under the auspices of the Office ei8ej

5. DOE under Contracts No. DE-AC02-05CH11231 (LBNL) arsi N 20 Without requiring excessively small incoherent energy
DE-AC02-06CH11357 (ANL) spreads. In this paper, we propose a novel oscillatqr ap-
T wurtele@berkeley.edu proach driven by a SC linac combining the EEHG schHeme
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Figure 1: A schematic of the echo scheme as developed in Rednf the echo-oscillator scheme, in which the input
asers atv; andw, are replaced by FEL oscillators. The oscillator power isdpieed by the bunches even as they are
modulated in the oscillators as part of the echo scheme.

ogether with a cavity employing currently available de&le claim will have to be examined far more carefully in a feal
ric mirrors in theX > 13 nm region to produce high aver- design. The electron beam parameters we use in ouf sim-
hge power, longitudinally coherent outputiat- 1 nm. A ulation examples are consistent with the state of the¢ art,
schematic of our approach is shown in Fig. 1. In its simlow-repetition-rate guns at low bunch charge of the order of
blest incarnation, there are two “modulator” oscillatars i 10 pC; the parameters have not yet been demonstrated for
Sequence operating at EUV wavelengths separated by a chiHz-repetition-rate guns. We have chosen 2.4-GeV Elec-
Cane with a largdsg value that produces the striped lon-tron beam energy with a parabolic density profile, a peak
pitudinal phase space characteristic of the EEHG schenmurrent of 150 A, a bunch length of 115 fs (relevant pnly
Following the second oscillator is a much weaker chicanfr time-dependent studies), an incoherent energy spfgad o
hat produces longitudinal microbunching with high har24 keV, and a transverse normalized emittance of
monic overtones. Finally, there is a long “radiator” undu{we note that greater emittances and energy spreadswould
ator operating in the exponential gain regime and which ialso likely work nearly as well). In what follows, we gjve
esonant at a soft x-ray wavelength harmonically related two particular examples. First we study a 43-nm modula-
he resonant wavelengths of the upstream oscillators. Thar oscillator followed by a strong chicane and then a P15-
FEHG-oscillator combination offers at least five notablexm modulator (the latter wavelength is long enough that it
eatures: (1) Itis easily tunable in wavelength and haslargould be produced by an external laser rather than & sec-
harmonic reach via adjustment of the chicane chromatand oscillator). The final radiator operates at the 80tH har-
Hispersion. (2) Its output has the longitudinal coherenamonic of 215 nm. A second example consists of a single-
hnd narrow bandwidth characteristic of oscillators. (3) Itvavelength EEHG double oscillator operating at 13.4{ nm,
Dperates at very high repetition rate and does not requisewavelength where robust mirror technology is availgble.
seeding by an external laser. (4) The final output pedkinally, we discuss some alternate EEHG oscillator ggom-
bower (and thus average power) is tunable via taper coatry configurations that may be of interest.
rol of the final radiator undulator. (5) Taken as an ensem-

ble, polychromatic output oscillator and radiator outputs SIMULATION RESULTS
are naturally synchronized temporally; there is also appro

mate synchronism with the electron bunches (downstreaé3+ 215 nm — 2.7 nm Radiator System
hese could also be used to produce coherent THz or in-
coherent insertion device radiation for various pump probt%
=-xper|ments)

To examine performance of the scheme with an osfilla-
r modulator at 43 nm and a second modulator empl




Output Radiation Power vs. Time

Table 1: Main parameters for a 43 nm oscillator and 3

215

Llation from the first stage 43-nm oscillator in a hybrid
FEHG scheme that also uses a second stage seeded by an
bxternal laser ah = 215nm. ¢t = 0 corresponds to the
emporal center of the electron bunch.

he 215-nm modulator section (simulated with GINGER)
hnd passed through another chicane, before entering the ra-
Hiator. The parameters for these runs are given in Table 1,
hnd the final power output from the GINGER simulation of
he radiator is shown in Fig. 2.

The purpose of optical klystron configuration in the 43-
hm oscillator was to limit the size of the induced energy
modulation, which in turn limits the energy spread of the
pbeam at the entrance of the radiator. The GINGER simu-
ation utilized an overall desynchronism of 24 fs between
he electron bunch separation and transit time for the laser
pulse in the optical cavity. The mirrors were assumed to
be broadband; narrow band mirrors would act to further in-
crease longitudinal coherence, but have yet to be simulated
Wide bandwidth in the mirror response allows for greater
lexibility in tuning, but its impact on sensitivities andno
pitudinal coherence needs to be further explored.

Sngle cavity echo-oscillator at 13.4 nm

The conventional echo scheme also allows for equal fre-
hjuencies in each modulator. It should, therefore, be possi-

mirror technology), as shown in Fig. 5.

scheme radiating at the 12th harmonic. The configun
Figure 2: Output power versus time from a GINGER sim/iS shown in Fig. 5.

320 . nm modulator EEHG FEL radiating 300 MW at 2.67 nm.

Parameter| Oscillator | Modulator
43 nm 215nm
Undulator period 7cm 18 cm
240 - 1 . 7.2 10.2
Length, first section 10m 4m
—_ Length, break| 1.4m N/A
= Length, second section 26m N/A
g; 160 T Rsginbreak| 10.5um N/A
g Radiation waist] 500um 500um
S Power| 65MW 74 MW
Losses/reflection 50% N/A

80 - y R56 (Chicane 1) 1450um

Rs6 (Chicane 2) 82 um

0
-57 -34 -11 11 34 57 Table 2: Some key parameters for the steady-state|GIN-
Time (fs) GER simulations of a 13.4 nm single cavity echo-oscillator

Ation

Optical Klystron component:
Wiggler sections| 2 identical
Aw 7cm
Aw 2.7
Section length 1.4m
Chicane length 1.2m
Rs6 41 pm
Chicane 1:
Length 1.2m
Rs6 100um
Second modulator:
Wiggler sections| 1 as above
Section length 1.4m
Optical cavity:
Cavity power 38 MW
Losses/reflectiorn 32%
Chicane 2:
Length 1.2m
Rs6 30 pm
1.12 nm radiator:
Aw 2.2cm
Ay 1.1
Length 20m
Power| 180 MW

ple to implement an echo-oscillator in a single cavity wittklystron (OK) configurations can produce stable outp
he appropriately configured wigglers and dispersive seelectron bunches with a smaller energy modulation
ions. We considered such a single-frequency echo schempessible with a standard oscillator.
ising 13.4 nm mirrors (a robust frequency for dielectri€EHG we take a similar approach. The first energy
ulation of the echo (both are within the single cavity
As noted earlier, the use of FEL oscillators in opticabroduced with a standard OK type configuration of twa

1t of
than
I]vity
od-
) is
un-

In the single ¢
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Figure 3: EEHG simulation results using GINGER showing thedh phase space at a normalized distance of 0.24

Fig. 1). Plotted are the longitudinal phase space after e oscillator (top left), the first chicane (top right), th&S
hm modulator (bottom left) and after the second chicanedbotight). The bunching is over 3% at the 80th harmon
P15 nm.

Hulator sections of equal length, separated by a small dis- ALTERNATE GEOMETRIES
bersion section. A large dispersion section follows torea
he horizontally (i.e., energy) shredded phase space of theWe presented initial simulations of two possible e
pcho scheme. The bunch then passes through a third un@gcillator systems. Many other configurations of the cz
ator section to provide the needed second modulation. A&agined.
t exits the cavity, it propagates through the second disper One of the major drawbacks of using an oscillator to
5ion section before entering the radiator (see Fig. 5). ate energy modulation in an electron beam is the la
fine control over the magnitude of the modulation. Thq
timum modulations required for EEHG are approxima
This system has been studied wiitne-independent nu- ~ one to three times the initial energy spread. It is extre
merical simulations using GINGER for a cavity tuned todifficult to produce this small of an energy modulation g
ake advantage of a peak in multilayer mirror reflectivity awith OK oscillators. The large modulation becomes al
13.4 nm. The output radiation in this case is tuned for thgue in the radiator because the final radiation prody
12th harmonic of 13.4 nm, where 180 MW was reachedf the microbunched beam is limited by the energy sp
This should be compared to an output of 300 MW fronfone way to avoid these difficulties and still not be lim
simulations where the beam proceeded directly from they the repetition rate of a drive laser for the modulatorg
DK into a dispersive section and radiator. The simulause a fast kicker to send every other electron bunch tg
ions here show that the system can be made to work, b@wer source production. These bunches are sacrifi
o not yet demonstrate that a one-cavity EEHG can be &&duce demands on the oscillator operation, at the ¢
mprovement over an OK cavity followed by a standardeduced overall efficiency.
HGHG configuration. Further studies are in progress to The radiation from the sacrificial bunch could ther
inderstand the harmonic reach of the single cavity echtransported to the modulator inputs. The timing w
pscillator scheme. The coupling between the component®rk so that a standard echo scheme is implement
n the cavity during the start-up and at steady-state need fuhose bunches that are not sacrificed. Only half o
her understanding, and simulations should be made withectron bunches would produce output radiation in

from

he tail of the bunch of a 43 nm oscillator followed by a 215 maser-driven modulator (replacing the second oscillator in
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Figure 4: EEHG simulation results using GINGER showing thergy spread as a function of bunch position of
nm oscillator followed by a 215 nm laser-driven modulatonlyCthe part of the bunch where the energy spread is
enough will radiate in the radiator. The limits on our alilib adjust the energy spread as a function of bunch po
Are currently being explored.

energy modulation. Two flavors of this scheme are shown CONCLUSIONS

n Figs. 6 and 7. A way to recover the lost efficiency might i i i

he to first modulate the beam and radiate at short wave- V& Propose an EEHG scheme in which a pair of
engths via EEHG with a fresh, low energy spread beanﬁ),scnlators and_chlcanes operate as an I_EEHG system
hen, send the used bunches into oscillator cavities to prg-SyStem requires more of the FEL oscillator but doe
Huce the seed power for the modulation of the next buncHauIre any other laser source for the EEHG. Initial t

Since the seed power is at longer wavelengths, the heg@pendent GINGER studies of a scheme with an os

ng of the bunch during the short wavelength EEHG prot-Or at 43nm and an external drive laser at 215 nm

Huction may not be so prohibitive for power production af” 300 MW can be obtained at the 80th harmonic of
onger wavelengths downstream. This scheme has not bd¥: A Single cavity echo-oscillator concept was desc

studied numerically here. : "
tion. Simulated power levels of order 180 MW were

tained at the 12th harmonic of 13.4 nm. Various altern
configurations were presented.
The extent to which the assumed parameters can

Results from a time-independent GINGER simulatiotiaxed, the wavelength reach can be extended and the
vith power at the modulation wavelength equal to the oscilfication of other accelerator constraints, such as on tk
ator production power at 13.4 nm (with additional reflecergy chirp, timing, etc, remain to be explored.
ion losses) produce radiation at the 25th harmonic (0.54 Using the methods described above, we were al
hm) with power of 220 MW. For comparison, a higher curimodel complicated FEL configurations with multiple og
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Ehow
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and implemented in a time-independent GINGER simula-

ob-
Qtive

be re-
spec-
een

le to
cil-

monic of 13.4 nm (0.56 nm). of possibilities for soft x-ray oscillators, and likely fap

ent (600 A) and higher energy spread (96 keV) (constatdtor, modulator, and chicane sections. The simulatioqs re
ongitudinal emittance) yielded 900 MW at the 24th harported here, while only beginning to explore the wideZ}nge
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Figure 6: The sacrificial bunch scheme with separate beas for radiation generation and echo input power produgtion
The EEHG then works as originally envisioned by Stupakov,viith the input power provided by alternate bunghes
bropagating through FEL oscillators.
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Figure 7: The sacrificial bunch scheme with a single osoitlaf variant of the idea in Fig. 6, where the radiation p
vithin the oscillator alternately interacts with the “siical” bunches and with the bunches that enter the radiator.
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Figure 8: The "radiator-first” geometry, in which power pumtion at short wavelengths precedes the production offinpu

bower for the modulators. The short wavelength EEHG FEL as@nsitive to energy spread, precedes the oscilla
onger wavelength that produce the input power for the EEHGs has not yet been studied numerically.
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