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Abstract

This note describes the tolerances for echo-seedi
experiments in the FLASH Optical Replica Synthesize
(ORS) section in spring of 2012. A particular casfe
echo-seeding at the #®iarmonic in the ORS section at a
beam energy of 1.15 GeV was simulated and optimize
with 1-D particle tracking and an equation thatdicts ;.4
the phase dependence of echo-seeding done with lo “ 02 0 02

AE [MeV]
AE [MeV]

2
dispersion chicanes. The output of this simulatizas A
used to start simulations of a 14 nm FEL beam @ tt 2 -
SFLASH undulators. The requirements of an HGHC \/ oRSS
experiment using the3harmonic of the 14 nm FEL = 1\ <
beam were also explored. Tolerances of beam chirp 2o =
synchronization, magnet field errors, synchrotrol = \/ 2
radiation, and microbunching noise were investigate ! ’
202 Z 0 6.2
INTRODUCTION z[um]

Echo-Enabled Harmonic Generation (EEHG), also known

as echo-seeding, is a technique which was proposedFigure 2: ORS-section EEHG scheme. The beam energy
2008 [1,2,3,4] that calls for the co-propagation af is modulated by a laser in the first undulator (QRS
electron bunch and laser pulse through an -undulat@ver-compressed in the first chicane (BC1), moeudlat
chicane, undulator, chicane- series (Fig. 1). Thou again in the second undulator (ORS2), and compiésse
interaction with a seed laser, the electron beaveldps the second chicane (BC2). Parameters for this qodati

an energy modulation in a first undulator whichtien 19" harmonic scheme wereg E 1.15GeV e = 150 keV,
over-compressed in a first chicane, creating a gehar) = 270 nm,AE; = 1.3 MeV, AE; = 0.67 MeV, R =
density modulation in longitudinal phase space isbng  550um, Re? = 90um.

of thin diagonal stripes of high-charge densityassafed

by low-charge density stripes. The electron burscthén inclined to reject the possibility of doing EEHGthvithis
modulated again in a second undulator and comptésse section, even though an ideal laser is availabtetha —

a second chicane, resulting in vertical stripescliirge undulator, chicane, undulator, chicane — layoutk$oo
with a period consistent with a harmonic of thedsieser appropriate.

wavelength (Fig. 2). Since the Liouville’s theorésmnot However, by increasing the length of the ccoes,
violated, the overcompression process causes acti#g# one can achieve a maximumgRf 700 um in the first
reduction of the slice energy spread, making higbhicane of the ORS section and while this is sonagwh
bunching factors possible. small compared to other proposed schemes [5,6,&], w

EEHG schemes have recently been proposed feraev will demonstrate that a wide range of harmonicsdde
seeded FELs [5,6,7] and proof-of-principle expenitseat pursued with EEHG in this section.

two facilities have been able to generate low-hanig®of One option for ORS EEHG is to generate thé" 19
the seed laser wavelength [8,9]. These EEHG schathesharmonic of 270 nm so that the beam can lase withr
call for a large, 1-10 mm, Rin the first chicane and in the sFLASH undulators. With a beam energy 051.1
when one sees that the FLASH ORS section chicaares @GeV, there is then the possibility to use the 14 nm
only achieve a maximumsRof ~130um, one is initially  radiation in an HGHG scheme to produce seeded m.7 n
in the SASE undulators.

oo | P~10 GW o .
— < m
hseed=270 nm  Ree<700u dag = 14.1 nm hgg=4.7 NM
| ORS unc orsunc 4 M sFLASH un. SASE un. >
E;=1.15 Ge\
L=1.4m L=1.4m L=12 m L=30 m

Figure 1: The FLASH | ORS section is located disegtrior to the sFLASH undulators. The sFLASH uratals are
followed by a small chicane and the “SASE” undulstdJsing EEHG to seed the sSFLASH undulator seatiith 14 nm

could enable an HGHG scheme to seed the SASE unduection with 4.7 nm. The laser, diagnosticscates, and
undulators are already commissioned. A laser ti@mdme and a small modification to the first clae are all that is
needed to complete this scheme.

10of 16



The optimization of this scheme was pursued wifh 1-of the FLASH linac is ~5-1f) we should expect phase
tracking code and an equation that predicts thesgohachanges over a full-cycle of the 270 nm seed wangtle
sensitivity of higher harmonics produced throughHEE and because the sub millimeterssRof the chicane
with low-dispersion chicanes. The effects of coheend produces diagonal charge density streaks instead of
incoherent synchrotron radiation (CSR and ISR) lo& t completely horizontal streaks, one cannot negléet t
high peak currents have also been studied alongtwé influence of the laser phase in lowsEEEHG theory.
effects of electron beam chirp and laser pulsepcfiinese For this low-Rs regime one must remove the absolute
results were compared to the simulations that hmen value brackets from Eq. 5 of [2] and multiply ",
done for the FLASH Il EEHG scheme [7]. whereg is the phase between the electron bunch and the

To make this experiment happen in 2012, a new, l1@ser pulse in the second undulatone can then take the
meter long, evacuated laser transport line will beum over all harmonic numbers,and phases, in order
constructed during the last 3 months of 2011. Tite f to predict the phase sensitivity of the bunchingtda for
ORS chicane will also be upgraded with longer atime harmonic numbera=n+m, such that,
magnets. A description of the diagnostic, seedind a
slicing experiments these upgrades will enablevisrgin — ing
the accompanying TESLA-FEL report [10], the . (#) Zn:e Dy - @
difficulties associated with parasitic operatione ar
explored in TESLA-FEL report [11], and the EEHGyyq s similar to Eq. 14 of [2]. The phase in E). refers
hardware and experimental setup are detailed inLRAES (; the gifference between the arrival-time of thecton
FEL report [12]. This report will focus on simulatis and  p, \nch relative to the arrival-time of the laserseubfter
tolerances for echo-seeding experiments at FLASH.  he first chicane. To verify the accuracy of thediction

from Eq. (1), 1-D particle tracking was done wittafi&b.

THEORY AND SIMULATION Analytic 1-D and 3-D estimates of the influenck
Eq. 5 of [1] gives the absolute value of the bunghi CSR and ISR on the EEHG process were made. Because
factor for EEHG harmonic numbers n and m, the characteristic overtaking length from equatihin

[13] is much smaller than the length of the bendshie
chicanes, a steady-state CSR calculation can lzkassan
approximation. It is, however, verified that theRC&ffect
is highly over-estimated in 1-D, due to the tramsee
smearing effect that occurs in 3-D beams due toRhe
where A=AE/o: and B=ZRssoe/(Egh) are constants for and R, terms.

the first and second undulator and chicane sectibinsy The laser power level®) required for the various
are written in terms of energy modulatiohE, energy €nergy modulations4E, used throughout the document
spread, o, dispersion, Rss, energy, E,, and seed are calculated with the formula [2]

wavelength, .. K is the ratio between the seed

wavelengths in the first and second undulator. Begave E,AE0/K L,E JZ

1

Iby] =|3(—AB,(KM+ D), (-A(BN+B,(Km+N)e 2

(nBrB(Kmn)Y

ﬁrzel'usmg one laser wavelength to seed both umdsjat P PO[(JO(KZ /(4+2K2))—J1(K2 I+ 2K?))

When designing an EEHG experiment, there is a
tendency [5,6,7,8] to search for working pointsngsEq. WherekK, is the ORS undulator parametky,is the ORS
6 of [1], the bunching factor for an EEHG scheméhwi  undulator lengthE, is the rest energy of an electron, and
=-1, the electron beam energy k. For a 740um (FWHM)
laser beam waist placed in between the two undglato
320 um (rms) as the average laser beam diamedeim(
each undulator. In accordance with the recommensti
from [2], this laser beam diameter is >3 times darthan
the expected 100m (rms) electron beam diameter.

L(B-Bmy

b1 = |3, (AB,(M-1)J, (B, - B,(m-D)e 2

This gives an accurate prediction of the perforreavfcan

EEHG scheme ifz/A>>1. OPTIMIZATION

When the R in the first chicane is small, however, thewhile particle tracking takes a cumbersome amotnt o
scheme becomes sensitive to the phase of theitai8  computing time in a search for an optimal workiranp,
first undulator relative to the phase of the lageithe ith the analytic solution given by the sum over ffhase
second undulator. While, strictly speaking, thisagd dependent bunching factors (Eg. 1), one can quis&in
does not change when one uses a single laser,deett® over wide parameter ranges and see features thatnee
phase of the seed laser is written onto the eledteam in  apparent with the=-1 bunching equation. In Fig. 3, scans
the first undulator, changes in this phase arect¥ely over a range of 8 are shown for three different laser
caused by the changes in the arrival-time of tleetedn power combinations and for constants: a = 19=H.15
bunch after the first chicane. Because the enelyility GeV, o= 150 keV, A =270 nm. The islands of high
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Laser Power in First Undulator = 6 GW (1.37 MeV)
Laser Power in Second Undulator = 6 GW (1.65 MeV)

<ba> at harmonics a=19; A = 14.0nm rms(ba) at harmonics a = 19; A = 14.0nm
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Figure 3: Average bunching factor and phase seitgitbof bunching factor for ranges ofs&2 and for three different
laser power combinations. Constants used includel, i = 1.15 GeVoe = 150 keV,A = 270 nm. Working points
plotted on following page (Fig. 4) are indicatedéwgtar. The line represents the limit imposedheyviacuum chamber
diametel
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Ipeak= 10 kA, ce'=1.5MeV bunching and low phase sensitivity are desirableking
REY = 700um; RL) = 36um; A E, = 1372keV; A E, = 1646KeV; o, = 150KkeV; E, =1.16GeV:1, =270mm points. The limit on theRsg of the first chicane imposed
02 p— by the vacuum chamber diameter is indicated byna li
018 —1=-0.10 and a selected operation point is indicated byaa €ne
"+ Tracking can see that it is possible to find a operatiomipuiith
ore - small phase sensitivity, even in the vicinity ofialand of
‘ * A F large phase sensitivity. It is also apparent thigthtly
012 Jil better operation points could be found Rags that exceed
‘_ the limit imposed by the vacuum chamber. Given CSR
and space charge effects, choosing operation pwitis
T\ - f\ low Rses and low peak-currents is, nevertheless, prudent.
|

Bunching factor
o
—

T 1 / '( i,\; The bunching factor as a function of harmanienber
V \ Xﬂk for each of these operation points is plotted ig. Bi and

|
008. ........ T I
l
|

¥ : L ‘ the highest peak current for a microbunch is listbdve
T L?\’\y ‘ the figure together with the rms energy spreadr dfte

10 15 20 25 30 35 40 45 . . .
Hamarics a=n +m'K EEHG process, which is given by,

Ipeak= 30 kA, cg'=1.25MeV A12 A22

(1) 2 <RI = e 5 b 5 = EE = W o LJp—
Ry =590um; R‘58 =35um; & E, = 560keV; A E, = 1646keV; o = 150keV; E; = 1.15GeV;1, = 270nm O'E = JE 1 + - 4+ = , (2)

—n=

0.18 ==n=-10..10

016 o Tekng where A=AE/og and A=AE,/c¢ [3].

20 . Using the operation points indicated by starsim 3,

0 \ . T+ the bunching factors predicted with the phase dégen

! bunching formula are plotted together with the ghas

} T .. . independent = -1 bunching factor prediction, Eq. 6 [1],

NN 1+ and results from 1-D particle tracking. Excellent

agreement is observed between the phase dependent

‘V(/ = l. bunching equation and the 1-D particle trackingultes

Y/ V L/f gzt The error-bars describe the rms sensitivity of each
harmonic to variations in laser phase between @ t

o0 ko B X OB 46 R undulators. This sensitivity, together with CSRsitvity

(peak current < 10kA) and energy spread (< 3)lre
lpear= 4 KA, og'=1MeV needed to d_etermine_an optimal working point.

RUY = 538um; REY = G8um; 4 E, = 1962keV; a E, = B67Ke\, o = 150KeV; E, = 1.15GeV;i, =267nm From partlc_:le FraCk'ng* On_e can conclude thaErw_me

02 laser power is high (6 GW) in both undulator satticas

0|1 ::;'_110__10 in the first case (top), one generates a largeAli¥ak

‘ weer Tracking current, large energy spread, and a large numbmiarb

bunches per cycle of 270 nm. When the laser ponvtre

first undulator section is low, as in the secondeca

(middle), there are only a few microbunches pelecyé

270 nm and the 30 kA peak current of these microbes
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01
o ir T T is extremely high. When the laser power in the sdco
AUIMA LR R b T undulator section is low, as in the third casettioj, the
o :y" \ l I— Tox 4 kA peak current is lower and there are more
L 1[ '\l !1., T b microbunches per cycle. This scheme possesses the
002 ] H d-fd "Li- \ﬂ:{ longitudinal particle distribution which was pladtén Fig.
0 ; 1 and it has a higher sensitivity to phase thanather
L two schemes, but it has the lowest peak current and

energy spread.

Figure 4: Bunching factor as a function of harmonic While the top two working pointg would've - been
number for three different 14 nm ORS section EEHG predicted by the = -1 equation, the third and, due to the
HGHG schemes indicated by stars on the plots fragn F reasonablle pea_k current and energy spread, pethaps
3. The error-bars describe the rms sensitivity athe be_st \1vork|ngt_p0|nt \thUId ncl)(tj,havg bee? apparemnfrk_ne ¢
harmonic to changes in the relative arrival-timéshe n = -2 equation and It wouldve been ime consuming 1o

laser pulse and electron bunch. The peak curremtten nd it through —particle tracking alone. The main
above each plot advantage of the phase dependent bunching formasild,

was used to make Fig.s 3 and 4, is that it predieisle
working points for low-Bs chicanes that would not
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otherwise have been found. This is an importanilrésr In order to develop a practical measure of dipole
compact EEHG schemes. tolerances, we must knowsfRand R, in terms of the

Although only one harmonic number has beedipole field errors. One starts by estimating tRat~ the
optimized here, a continuous and wide range of baics  deflection angle of a dipole andsR= the transverse
could be pursued with EEHG at FLASH. In contrasg t deviation from the straight ahead path. Then omeges,
harmonics available for HHG at FLASH are constrdine

by the specific reflectivities of the XUV mirrorsed to 2L. AB
. — B
transport the beam. The disadvantage of EEHG caedpar Res = B 4)
to HHG comes in its sensitivity to electron bunaid a P
chicane properties. These sensitivities will belevgal in ) )
the following sections. whereLg is the [0.4 m, 0.1 m] magnet lengih,is the
[24.6 m, 13.1 m] bending radius, an® is the rms error
DIPOLE TOLERANCES of the magnetic field in the bends [4].
The transfer matrix elementssdrand R, describe the
longitudinal position of the electron as a functiohits R, =| pli1-co ﬁ + dLg ﬁ (5)
transverse offset or angle. Residuak Bnd R, after a 4 P P B

chicane fold the transverse phase space into the

longitudinal phase space, smearing out bunching in . . ,
proportion to whered is the [0.35 m, 0.75 m] distance between the first

and second dipoles in the chicane and the apprdéixima
sin@)=0 has been used. For diagnostic purposes, it is
o, = \/Fg:fayz + R5420y,2 , (3) interesting to note that these terms can be exguless

' guantities which are easy to measure through bessaeb
dispersion measurement tools: Rs3=-Rus (or
AziMy=4y'IAE) and in the middle of the chicafe,;=Rz¢
(or AziAy’= AyIAE).
One must now consider how the tolerance of magne
eld errors is different in the first chicane coaned to the
second. One would expect that a non-zesoRRs, at the
_exit of the first chicane would only increase tlieeive
Clice energy spread of the microbunches, whildateixit
of the second chicane, a non-zerg & Rs, would cause
the microbunches to tilt in the y-z plane.

A good way to estimate the magnet field toleeafor
the first chicane is to derive an expression ferititrease
in the effective slice energy spread caused byrazeoo
Rssor Rs,. This is given by,

where ands, andoy are the rms widths of the position
and angular spread of the electron beam and pthe
function is constant. Th&®s; Rss and smearing factor
(Eq. 3) are plotted for each chicane (Fig. 5). ©@es that fi
for ideal magnet settings, the smearing factor khegual
zero at the exit of each chicane. While a non-Fyor
Rs, is beneficial within the ORS chicanes, since
transversely smears out high peak currents whiehdco
give rise to instabilities, a non-zergz;Rr Ry, at the exit
of the chicanes can have a detrimental effect dH&EE

first ORS chicane second ORS chicane

[m/m],[m/rad]

2 _ 2 21,2 2
UE(effective) _UE +AE‘k Jz,y ) (7)

[m/m],[m/rad]

0 05 1 15 2 25
z [m]

where 4E is the laser induced energy modulation,
k=2z/A, oe is the initial slice energy spread of the electron

first ORS chicane second ORS chicane beam and,, is the smearing factor from Eq. 3. One can
! — then substituterg efrecive) iNtO the bunching equation (Eq.
o8 1), in place ofbg, and immediately see the dependence of
206 the bunching factor on magnet field errors in tirst f
=04 chicane. The first chicane tolerance is very loose
0 compared to that of the second chicane.
. | o - For the second chicane, a non-z&g or Rs, at the
o w7 e chicane exit creates -z tilt of the microbunches,

longitudinally smearing out the bunches. The eftddhis
Figure 5: The B and R, of the ORS chicanes (top) andsmearing on the EEHG bunching factor can be wriiten
the transverse smearing of longitudinal charge itlensterms of a microbunching suppressidactor for a
spikes that they cause (bottom). Green bars represé&aussian bunch,
magnet locations.

bnoerror %kzgz‘yz
—hoerror —

b

error

, (4)
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wherek=2z/4, ando,, is the smearing factor from Eq. 3. « the z-correlated energy spread itself

A similar formula is given in [4] and it can be dexd by « projected emittance growth due to the
substituting z=Rsgy+Rssy’ into a 1-D formula for a CSR energy spread

longitudinally bunched distributiort,(z)=1+cos(kz),and + longitudinal smearing of fine structures
then integrating over a Gaussian distribution. through R; and R, leakage.

One can specify, <A/20, a condition for which the \while all of these effects are cause for concéra last is
microbunch is tilted by less than 5% of the radjat9unique|y pertinent to EEHG and it could impact thech
wavelength and for which the microbunching suppeess on both macro and microbunch length scales. Thee a
factor is less than 1.025. F@#25 m,c, = 100um (rms) codes like CSRTrack and ELEGANT which can calculate
ando, = 5urad (rms), the magnet tolerance of the R these effects, but because it is not clear if thestes are
term for generating, = 14 nm with this condition would valid on the microbunch length scales which aréicati
then be 0.02% for the second chicane, the tolerémrce for EEHG, an analytical treatment will first be pued.
the Ry, term would be 1%, and the net tolerance for the Steady-state calculations for 1-D CSR wakehoted
smearing factor Eq.3 would be 0.02%, dominatedh®y t pelow in Fig. 7. Fig. 7 (a.) is a wake for a maenoth
Rss. The magnet accuracy requirement is reduced wheger the first chicane and Fig. 7 (b) is a wake &
higher energy beams are used, since it scales théth mjicrobunch in the last dipole. While the 1-D maenoth
geometric emittance and the 25pnfunction used in the wake is a somewhat realistic prediction and istel that
above calculation could be reduced to 5 m in otder 25 kA of peak current could be excessive for EEH®,
relax the tolerances to 0.05%. Tuning the magnétls w 1-D microbunch wake is a gross overestimate, du@eo
this accuracy will probably be the most challengisgect transverse smearing that occurs in proportion ¢paRd
of the EEHG experiment, due to the fact that they onR,, (Eq. 3, Fig. 5) and due to the fact that the hpgak
applicable diagnostic of the quality of the micrabbies is  current is not produced until the very last fewlimiters

the seeded FEL signal itself. of the dipole.

There is a pair of quadrupole magnets on movers
directly prior to the sFLASH undulator section ainds (a.) CSR wake from 1-D macro-bunch in first chicane
planned to use offsets of these magnets to pravifieal Z,, 5, =040 m; 2 =093 Ny, =4; R = 24.6 m; Ry =0.50 mm; Q = 1000 pC; o, = 50,000 um; L = 60.49 mm;
correction to the R and R, such that even if the 15

microbunches are slightly longitudinally tilted @rito the 1
qguadrupoles, they can be given a small correctirctly
prior to the undulator (Fig. 6). The magnets coul
function like a mini-dogleg. Ideally, the last ORBicane
would slightly undercompress the microbunches, tted
mini-dogleg would provide the final compression.

1

=
o
5,

o

=
o

Energy loss due to CSR [MeV]

o

R

[— CSR wake
‘ | =239KA

— 'peak

®
Lo

-4 -3 -2 -1 0 1 2 3 4 5
Long. coordinate zlc:Z

(b.) CSR wake from 1-D micro-bunch in last dipole

Z =0.10 m;a=0.44°;N =1;R=129m;R.. =0.09 mm; Q =04 pC;c_=0.010um; L_= 0.00 mm;
effdip dip 58 z 0
1

Figure 6: Small correction to longitudinal phagmace
given by tuning offset of quadrupoles prior to sFAHA
undulator. Mini-dogleg can remove resid®a andRs,.

o
n

o

=]
&

This would be particularly good technique for comtibg
the detrimental effects of a high peak current. Gueh
detrimental effect is CSR leakage, which acts lke A5 e e
nonlinearly z-dependent magnet field error. The bi —lpeafusm{
difference between the effect of a magnet fieldreand - R 1 ‘L L 2 % 4 s
CSR is that the magnet field error acts uniformigrothe —

entire bunch, while CSR acts non-linearly overhhbach.

CSR will be discussed in the following section.

Energy loss due to CSR [MeV]

Figure 7: CSR wake from the first chicane on thenma
bunch (a.). CSR wake from the last dipole of theoad
chicane on a 1-D micro-bunch (b.). Key parameters:

CSR EFFECTS dipole length, bending angle, number of dipolesidiry
Coherent Synchrotron Radiation (CSR) could affeaadius, dispersion, charge, bunch length, and aking
EEHG in three ways: length are listed above each plot.
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It has been verified that high peak currents omguo in
the first chicane in regions with significant traesse
smearing. The danger for micro-bunch CSR arisdbeat
exit of the second chicane, where the smearing tmes
zero and the peak current reaches its highest vahat is
why it would be wise to slightly undercompress th

fraction of compression in the mini-dogleg arrangam
depicted in Fig. 6.

For the macro-bunch, the CSR induced deviations
the energies or transverse positions of longitudifiaes
can reduce the length of the portion of the electronch
which will have the energy and energy chirp whish i
suitable for seeding. While one expects an enetgnp ¢
due to the compression process, the energy chi
produced through CSR is non-linear and only linearl
chirped portions of the bunch are usable for sepdin

Comparisons of the T9harmonic ORS-EEHG CSR
wakes and chicanes with 2armonic FLASH Il CSR
wakes and chicanes show many similarities. Fortigac
purposes, the chicanes and wakes are identicad-Dn
CSRtrack simulations for FLASH Il EEHG [7], CSR in
the first chicane was shown to reduce the buncfaotpr

RADIATOR TOLERANCES

The sFLASH undulator section consists of 4 \dea
gap undulators with a total of 300 periods. Thathtion
on the undulator gap, as imposed by the vacuum loam
height requires that the seeded wavelengths must be
shorter than 17 nm for any EEHG scheme to work at 1

microbunches in the last chicane and produce thke IzGeV (Fig. 8).

SFLASH Undulators: Wavelength vs Gap at 1 GeV

151
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134

Gap 12| SFUND2 -

(mm) e
1} SFUND1 and 3™~

Vacuum chamber limit

\

12

104

8L

10 13 14 15 16 17 18 19

resonance wavelength (nm)

11

at the 28 harmonic by about half for a 1.5 kA beam. ThEFigure 8: The wavelength vs. gap at 1GeV for ther fo

reduction was even greater for a 2.5 kA beam. I'60OR
EEHG, the same behavior should be expected, but f
authors believe that the reduction in the buncHatdor
observed in the FLASH Il simulations was causedinot
variations in the energy of various beam slicesvas
postulated in [7], but by & and R, leakage which
caused the microbunches to be slightly undercorsptes
The authors believe that given different magnetirg,
this effect could be completely suppressed foreatst a

SFLASH undulators. The undulators cannot be closed
B@yond the vacuum chamber limit. This plot was fuied
by H. Delsim-Hashimi (DESY)

Thus, the scheme to produce 14 nm in the sFLASH
undulators will not require an overly small undatagap.

The bunching factors and energy spreads getkerat
with the 1-D EEHG tracking code were used as input
parameters for the FEL code GENESIS [15]. The goal

portion of the bunch. Magnet settings which fullyyas to simulate the radiation which might be praLin

suppress the CSR leakage for a portion of the bunghe

SFLASH undulators for different energy spreads,

would add a negligible amount of energy dependepfnching factors and peak currents. The beam paeasne

position jitter.

Given the complex and sensitive dependencehef t
bunching factor on dipole settings and CSR, a syatie
tuning procedure must be developed. It is antieigpdahat
this will be the most challenging aspect of theexikpent.

ISR EFFECTS

used in the simulation were uniform along the entir
bunch. The emittance was 1.5 mm-mrad, fhiinction
was 6 meters in x and 7 meters inmywas equal to zero,
and the beam energy and undulator parameter weeel tu
so that 14 nm radiation would be produced.

The radiation and bunching produced in thet fBs
SFLASH undulator sections was simulated for antedec

For large enough chicane bending angles and bed¥am with a peak current of 2.5 kA and a rangenefgy

energies, Incoherent Synchrotron Radiation (ISR)lctco
increase the slice energy spread of the beam irfirdte

spreads and bunching factors. These results attegblin
Fig. 9, predicting that the planned operation puiith a 1

chicane. The energy spread generated by ISR afféeV energy spread will reach saturation within fhar

passing a dipole is given by [14],

undulator sections. If the peak current is 1.5 kétéad of
2.5 kA, the peak power achieved after 3 undulator

sections with a bunching factor of 0.1 and an energ
spread of 1 MeV is 1 GW instead of 3.5 GW. Impibve
performance for beams with a high initial bunchiagtor
could be achieved through adjustment of the phekte
undulators, but this was not done in the simulation
shown in Fig. 9.

Ao, = 6.4lkev]0 |-l ErGev 72
R[m]

Where R is the bending radius, L is the dipole fengnd
E is the beam energy. In our case, the ISR engrgpad
is about a keV and is insignificant compared toghergy
modulation from the laser.
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Radiated Power along 3 sSFLASH Undulators (2.5kA) REALISTIC ELECTRON BEAM

57|+ deltaE 0.25MeV / The electron beam at FLASH is typically producedhwi

* deltaE 1MeV / either roll-over compression or linearized compi@ss
* deltaE 2MeV While roll-over compression produces a very shagpkp
of high charge density followed by a long trailitajl,
linearized compression should, in principle, prazuc
beam which is uniform in charge density and other
properties. The reality is that while linearized
compression is about 4 times better than the ral-o
compression in terms of bunch uniformity, the elact
bunch in linearized compression still typically rmpeak
of current, followed by a region over which the remt
decreases to half of the peak value. This is gépdrae
for standard operation and peak currents in thgedimom

z[m] 1 to 2.5 kA, but it should be noted that a widegemof
_ bunch shapes are possible for different operation
Bunching Factor along sFLASH Undulators (2.5kA) configurations and low bunch charges.

0 . deltaE 0.25MeV N The slice energy spread along the bunch is atdo
. deltaE 1MeV V4 uniform. It peaks at the head of the bunch and &f to
* deltaE 2MeV a low of 250 keV located in the middle of the bun€he
peak slice energy spread depends on the peak tamdn
can range from 0.75 MeV for a 1 kA peak currené4to
MeV for a 1.5 kA peak current and so on upwardss Th
has been studied by C. Behrens (Fig. 10) [17].

Longitudinal bunch profile Slice energy spread

1 15
% o 10
0 ‘ ‘ ‘ ‘ 50s =
0 2 4 6 8 g e 5
z [m] 0
—400 =200 0 200 400 —4(1‘()0 —-200 0 200 400
Figure 9: Power and bunching levels in the firste¢h S 45 Henes =)
SFLASH undulators for ORS-EEHG seed with a pea Longitudinal phase space Mean shee efiefgy
current of 2.5 kA and different initial energy sads and & 4
bunching factors. The thick lines are for an O.tigh .. T,
bunching factor and the thin lines are for an Griibal 2 4 =
bunching factor. © ¢ 0
—2|
-3
It should be noted that the accuracy of GENE®Ir ~400 =200 0 (f52)00 400 a0 (ps2)00 400
EEHG bunched beams has not been benchmarked. |t|i~° 100 M d sl d (left d
however, known that it is more accurate to enter th iqure - Measured slice energy spread (left), an

bunching factor as a constant in the input file doflat gewaté(:)nBofh the sﬁe energy from the nominal Ity
current distribution than to directly import a bhed rom C. Behrens [17].
current distribution. Importing a bunched partidie o -
leads to gross overestimates of the radiated pdovea For _the charge distribution shoyvn in Fig 10, amle
given bunching factor [16] portion of the bunch to seed might be a 50 fs l@yjon
These simulated beams consisted of unre<';1listi'(q,(:]gr thﬁ. hr(]aad of tr;]e bur|1<ch with tth? lowest e'."epgﬁi@
perfectly linear, flat bunches where every portainthe ahd a high enough peak current. In comparison{fier
bunch lased with an equal amount of power. Revz:c,listicmrg.e distribution shown in Fig. 11, ta_ken frombéiG
curved, chirped electron bunches would be seedddawi experiment run [18], a reasonable_ portion of thachuto
distorted, chirped laser which would only overlajhwa seed would be a 10(.) fs_ '0*?9 region in the_ centehef
fraction of the bunch. These effects were not siteal bunch. The bunch d'Str'b.Ut'On sh_own in Fig. 10 wibul
with GENESIS and will be described in the followingP'@Pably be preferable in situations where the SASE
section background overwhelms the emerging seed radiation
' signal.
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Eectron bunce

Mean energy deviation

19" harmonic of 270 nm is plotted below in Fig. 12isTh
scheme uses 6 GW of laser power in the first urdula
and 1 GW in the second. As the incoming slice gnerg
spread is increased from 150 keV to 550 keV, thekpe

e
p-d i e -5 i ; ;
SO A0 Ay - B 200 400 600 BOO
Langstudinal Coordinate [fs]

Longhudinal Coordinate [fs]

Figure 11: Longitudinal charge distribution of dlen
bunch plotted together with measured slice enepggasl
(left), and deviation of the slice energy from ti@minal
(right). From R. Tarkeshian et al., Proc. of PAC{New
York) [18].

The transverse beam size also has an impact on
performance of the EEHG experiment. In Fig. 12, fihe
function for a typical HHG run was plotted by V.
Milchev.

B-function in ORS and sFLASH sections

30

: = current of the individual microbunches is reducétie
Fds bunching factor and the sensitivity to changefhi@éghase
of the laser is also reduced.

RQE’ = 0.538mm; R?E’ =0093mm; A E, =1.372MeV; A E, = 0.672MsV: E, = 1.15GeV:1, = 270nm;1, = 270nm

o2 e 150 keV
Gt T 350 keV
0.16 550 keV
014 ﬂ
012 ;

=)

Bunch factor

0.08

1
I

0.06-F
004k

—
—

002-
0 5

0

5

10 15 20 25 30

High harmonic a=n + m'K

/ —,
25

20 A \ _ﬁy \ Figure 12: The bunching factor as a function ofninamic
- /\ \ / X number for three different incoming slice energyesgls:
215 / ﬁ:( | o W 150 keV, 350 keV, and 550 keV; K=1.

10p Y

5/\ — / / \\\ /\ / ) For a different scheme to generate th& h@rmonic of

/ \M/ 270 nm in which 6 GW of laser power was used irhbot

: : : ‘ :
165 1

i i i i i i i
195 190 185 180 175 170 16 6 155 150 145
Z(m)

Figure 12: Beta function in ORS and sFLASH sectiol
plotted for HHG run by V. Milchev (DESY). The beam
direction is from right to left.

Since the EEHG experiment will attempt to run
parasitically there will not be much opportunity to
completely change the optics. For the HHG expertmer
the By-function is relatively large in the ORS sectionga
in order to combat § and R, leakage and the effects of
transverse laser distortions it would be wise tuoe the
B-function in that region. Nevertheless, the curr@nt
function of ~25 m would make a <1@®n (rms) electron
beam radius and this would be ~3 times smaller than
expected laser spot size, and this is small entwughoid
large scale laser distortions.

: 1 undulators, the reduction in the bunching factauténg
from increases in the incoming slice energy spriad
significantly smaller (Fig. 13). But this comestlg¢ cost
of creating a much larger slice energy spread aak p
current going into the radiator undulators. In tigsire, it
is easier to see how the increase of the sliceggregread

0

affects the higher harmonics before it affect thevdr
harmonics.

)= 0.580mm; R = 0.033mm; A, = 1372MeV; 4 E, = 1 646MeV; E, = 1.15GeV:A, = 270nm;3, = 270nm

— 150keV
018 350 keV
0.16 550 keV
o 11 |
) 'ﬂ
e Uy T\ AR«
o AV AL YRR AR B A TA
0.02 I -M “% & I% 7§
L ¥ v 14

10

15

N B 30 % 4

High harmonic a=n +m*K

o i
3

45

Figure 13: The bunching factor as a function ofnnamic

number for three different incoming slice energyesgls:

INCOMING SLICE ENERGY SPREAD

150 keV, 350 keV, and 550 keV; K=1. More laser powe

was used in the second undulator in this scheme.

For some EEHG schemes, the sensitivity to slicaggne
spread is large, for others it is not. The incomslige
energy spread dependence of a scheme to genegate th
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CHIRPED LASER BEAMS EEHG process should still be effective. The 1%,rgpe

For a given operation point, a small change of shed chirp limit imposed by the collimator is, howevenpre
wavelength produces a small change in the outpﬁ?vere'
bunching period, but the bunching factor does hainge
appreciably. Consequently, chirped seed laser pulse o.16
result in chirped bunching distributions. —tracking
If the bunching bandwidth is larger than thedsidth . I | I e n=-1
of the sFLASH undulators and if the bunching has
substantial frequency chirp, only a slice of theduwill
lase. If we can control this chirp, it would progica
mechanism for tuning the length of the seeded Fidkep <
The FEL bandwidth is ~0.5% and the maximum EEHGE o1/
bandwidth is 5%. If the EEHG pulses were maximallys

Sensitivity of Bunching to e-Beam Energy

o
N
~

~.
~o
~

19th Harn®nic
)
e
N

0.5% (FWHM)

chirped with a maximum bandwidth and a length o® 30 S 0.08l radiator

fs (FWHM), then 30 fs of that pulse would be usaole © ™ bandwidth
seeding in a given operation setup. The present&EH

seed generation scheme will produce 100 fs (FWHM) 0.06; o 5
pulses with an expected bandwidth of 0.6% [12] and e-Beam Energy Change [%]

cannot be used to test the chirp-slicing concepe © the

shortness of the pulses, however, one would onpe&x Figure 14: The bunching factor as a function ofeath

the central 50 fs of the pulse to have an intensignergy for the 19 harmonic of 270 nm. The sensitivity of
appropriate for seeding. The main advantage ofrigagi a range of EEHG operation points to changes in beam
longer, chirped laser pulse is not in the lengthtid  energy is largely uniform and weak. The bandwidtthe
pulses which can be produced, but in the reduce&fFLASH radiator undulator will determine the semiit
sensitivity to changes in the energy of the electsanch. of EEHG to beam energy changes and not the EEHG
Compared to a non-chirped laser pulse, a chirpdsepuprocess itself.

simply has a wider range obrrect seed wavelengths for

a range of electron beam energies. LASER PHASE NOISE

We have shown the sensitivity of this EEHG scheme t
CHIRPED ELECTRON BUNCHES changes in the phase of a perfect laser pulsevelat the

A chirped electron bunch has a different effecttba electron beam (Eqg. 1), but we have not shown tigaan
EEHG process. If an electron bunch with an enetgspc  from changes of the phase of the laser pulse witén

is given an energy modulation and it is then cosged pulse itself. There may be a hard-limit on the hamivs

in a chicane, it will develop a different bunchipgriod that can be achieved, as determined by the phase no
than that which would be generated with an unchirpewithin a laser pulse. This sort of phase noisenigdssible
electron beam. As long as the radiator undulatéuniged to measure with known methods and its impact on BGH
to radiate at this particular bunching period, #hectron was postulated in [19] with an argument which is
bunch chirp should pose no problem. With a nondine simplified as follows:

chirp, which, due to collective effects or impetfdRF - bunching ~ &t
settings, is frequently the case at FLASH, destie - add phase noise 2@
operation of the '8 harmonic module, one would expect - emitted power ~ (&°")?

that the portion of the bunch which would be usdble Therefore, there is an amplification of the noise i
EEHG would be reduced as described in the previoggoportion to the harmonic number squared. In teofns

section. the signal-to-noise ratio, this looks like,
The easiest way to check the magnitude of thigpc

effect is to change the electron beam energy byllsma = 1(P

amounts in the simulation and see how the bunching _s =__|_=s

factor is affected. A scan of the beam energy av&0% ( P, lut n? [Pn jm

range in Fig. 14 shows a low sensitivity to bearargn

gzgnt%eesn._l_tlsgcr)]\;vls t?ésgg:]if]menfto?r?]tL\:\ll:enrct)Eijl.-B(leJ%CtOWh”e there are two harmonic numbers in EEHGa(d
- Y 9 P Y m), it seems logical that a similar line of argunagiain

inaccuracies in the lowdg regime. Trusting that the might be taken to anticipate the phase noise impact

particle tracking result is more accurate, oneaantlude EHG. According to this hypothesis, if there is lage
that ~1% energy changes from the goal energy can Egise .Of(p within the 800 nm Iasér pulse, then the

tolerated without affecting the bunching factoralitand frequency tripled pulse would have a phase noise*®f

0 . .
0% changgs can be tolerated_W|th only a mild efmt and the 20 harmonic of this pulse would then have a
the bunching factor. Even if we tune the radiatof

undulators to an energy which is 5% away from idéw phase noise af*180.
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This hypothesis is borne out by particle tragkin
simulations in which phase noise was added to rtieegy ' — tracking
modulation. In Fig. 15, the bunching factor foramge of =
seed laser phase noises is plotted.

Sensitivity of Bunching to Laser Power

=
[

©
=
N

Rg =700um; R(EZE) =35um; 4 E, = 1372keV; A E, = 1648keV: o = 150keV; E, = 1.15GeV/, = 270mm

©
N
N

03

=*= no noise
=100 dBc/Hz
025 ===95 dBcHz
""" =90 dBeHz

o
i

02

Bunching at 19th Harmonic

Bunching factor
o

-20 -10 0 10 20

2 Laser Power Change [%)]

My Figure 16: The bunching factor as a function ofetas

0 il fo YERENEON o power for the 18 harmonic of 270 nm. The parameters
0 o e from the first scheme from Fig. 3 were used, bu th
sensitivities of the other schemes were similar.

Figure 15: The bunching factor for several différen
amounts of laser phase noise. The high harmonies ar LASER WAVEFRONT DISTORTION
affected by the phase noise first. The phase noigte quality of the 270 nm seed wavefronts will dilg
threshold is sharp and not gradual. affect the quality of the echo-seeding microbunches
While small tilts of the microbunch which resulofn tilts
A simple VCO phase noise model was used with af the wavefront can be compensated with adjustsneht
bandwidth of a few GHz, in which the phase noise ithe chicane dispersion, more complicated distostilike
mixed with the carrier to produce sidebands arotied those shown below in Fig. 17 will directly degraite
carrier. It is not clear if this is an accurateresgntation bunching factor of the goal harmonic, effectively
of the phase noise of the laser, since it canineasured. smearing out the peaks of high peak-current. Ary eas
Despite this, it is clear that this phase noisd imipact estimate for the tolerance is ~10% of the radiated
the higher harmonics earlier than it does the lowatavelength. For the 20 harmonic of 270 nm, the
harmonics. The impact of phase noise on the bugchitolerance would be ~1 nm.
factor manifests as a sudden drop off at a certaise To simulate the problem, one can directly maoihel
threshold. The effect might be reduced by slippaighe  fields of a 3-D laser beam with multiple transvensgher
seed pulse through the bunch, but this isn’t dgtokear.  order modes, or one can do a much easier 1-D
approximation in which several runs of 1-D particle

LASER AMPLITUDE NOISE tracking thr_ough th.e.QRS section are conductgdh eac
As long as the seed laser power is optimized fgiven time changing the initial phase of the laser bylight

: : : . : amount, and each time saving the final particle
operation point, the laser amplitude noise will have a *." =~ " .
b P b V\mstrlbunon as a function of that phase. If on@ates a

selection of initial phases which represent thenggtoy of

a likely wavefront distortion (Fig. 17), one caneth
oncatenate those particle distributions togetheorder
0 calculate the bunching factor for a distorted/sfeont.

below in Fig. 16. Changes of the laser power bynash
as 20% change the bunching from 0.14 to 0.08. A FVH
laser amplitude stability of 5% should be expecte
producing practically no jitter in the bunching tacwhen
the laser power is optimized for a given harmoffithe
laser power is not optimized, then the sensititdtylaser
amplitude would grow in proportion to the deviatioom
the optimum.

One can also use this result to calculatedhgitudinal
portion of the seed laser pulse which would be lestdy
seeding. The length of the laser pulse for which th
amplitude does not vary by more than 20% from tiakp
value is about 50 fs for a 100 fs (FWHM) seed puildes
means that about 50 fs of the seed pulse would hav

power level sufficient for seeding. ﬁzlgure 17: Possible wavefront distortions.

But then it becomes clear that the shape of thertien
is irrelevant and the magnitude is what is impdrtaiie
can define the magnitude as the rms deviation facifat
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wavefront and perform the calculation with a random To analytically describe the influence of adlited 270

assortment of phases with a given rms deviatiomfronm laser wavefront in the second undulator on tBel&

zero. bunching factor, one can use the theory developed f
This process of averaging over various phasesdso describing the influence of magnetic chicane ermms

very similar to what was done for Fig. 4, in whitte EEHG (Eq. 4) to get the bunching factor suppresam®a

sensitivity of EEHG to a laser phase which is het$éame function of distortions of the 270 nm seeg),(

in both undulators was calculated, but it is nat: Fig. 4,

the bunching factor was calculated as a functiophafse 2o B 2
and then averaged, whereas for Fig. 18 (below), the berror _ e_z @ [Tsj 5
distribution is calculated as a function of phasd then b - @)

averaged before calculating the bunching factor. noerror

In Fig. 18, the bunching factor for a range @vefront ) . .
distortions was calculated for two different opimat Wherea is the harmonic number The suppression factor

points and similar sensitivity to wavefront distorts was 07 & range of harmonics and wavefront distortioss
observed. The wavefront distortion was only addethe Plotted in Fig. 19.
laser in the second undulator.

Sensitivity of Bunching Factor to Seed Wavefront Distortion
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S S5 Figure 19: The bunching suppression factor forreyeaof
w1 nm (rms)

A — 0 (ms) harmonics and wavefront distortions.

From Fig. 19, one sees that the wavefront quality
requirement increases dramatically as one attergpts
3 [\ reach higher harmonics. Wavefront control and apati
008 V filtering techniques for addressing these very icliff
V AN X:v tolerances are described in [12], but it was ndbed even
s f if a wavefront sensor could get <2 nm wavefront
0 i N . . . .
TR T W w e e resolution, it would need to installed after a mirand a
window. As a result, the sensor ends up measutieg t
flatness of the window. If one can tune directly the
FEL beam itself, however, then one has the mogsithem
measurement available. If one tried to tune theefrant
for the 19" harmonic on the FEL beam signal, one might
never find the signal at all, but if one startedhHGHG
at the ¥ harmonic (Fig. 20), there would be a very good
chance to use the signal to optimize the wavefront.
Besides being a useful wavefront tuning techmiqu
HGHG at the ¥ harmonic (38.5 nm) is the same
ﬁ/avelength pursued by the HHG experiment, enabling
ease of switching between the two experiments.
Compared to EEHG, HGHG is also considerably easier
terms of synchronization and chicane tolerancese&a

Bunching factor

Figure 18: The bunching factor for 0, 1 and 2.5 (nms)
wavefront distortions calculated with particle #ing
approximation. The distortion was only added tol#ser
in the second undulator.

Wavefront distortions have a much stronger effettey
occur in the second undulator than if they occuthe
first undulator. The impact in the first undulatisr not,
however, negligible, for some operation points. Th
operation point shown on the top in Fig. 18 is tieddy
insensitive to wavefront distortions in the firstdulator,
but the operation point on the bottom shows songhts|

sensitivity: the 2.5 nm (rms) wavefront distorticeduced on the sensitivity of HGHG to the slice energy sukeit

the bunching factor by ~10%, a small amount comparea : .

. X - ears that HGHG will have a high chance of swces
to the reduction produced by the wavefront distortin Wﬂ?‘ the ORS section (Fig 20). The Igi;kely 250 keheegy
the second undulator. spread will not be too large for a significant biimg

factor at 38.5 nm to arise.
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i =TTy =Sy . =@ =040 =P 1350 nm, there are only ~15 [25]. This means thaahy

el S —o 150 keV given wavelength, there are many different regions
: : =8 250 keV/ .. . o

ol N\ Tk radiating coherently and independently at any givese,

B \\ - and if one assumes a hfh long bunch with 100 modes at
5, \R‘\ a wavelength of 500 nm, the maximum length of any
2o AL coherently radiating segment would be equal tdehgth
g \ y g seg q 9
£ AR S of a single 500 nm wavelength. This means that for
"o X ™ EEHG, the incoming microbunches would interfere

N\ - . X .
o NS < construc_tlvely or destructively with the .seed laser
005 \\\'%\' o modulatlon_, varying from cyclt_e—tp—cycle. It is urdemn
Do \:\%w e e S eSS | whether this cycle-to-cycle variation is purely dam or
Harmorics a = + m'k if it varies continuously throughout the bunch.

Such random variation occurring at 270 nm wdagd
Figure 20: The rms slice energy spread sensitioity disastrous for EEHG, were it not for the fact that
HGHG in the ORS section at th& Farmonic of 270 nm.  microstructures below 600 nm can be completely setea
out in the dogleg under typical optics configuratid26].

INCOMING MICROBUNCHES It is still possible that the ®harmonic of an 800 nm

. . . . icrobunched structure could radiate in the ORS
The microbunching which develops prior to the OR%nndulators, disrupting the EEHG modulation, but odd

section could also have an impact on the echo-sgedi : . o L
' . . . : harmonics radiate on axis with a power which is imuc
experiment. The incoming microbunching has a

broadband character ranging from <300 nm up tqQ20 V\(ea_k_er tha!” the fundamgntal [27], so we do not eixpe
significant impact from this.

in a continuous arc, peaking with a form factor . .
(~bunching factor) of 0.005 at a wavelength of i Or!e Sould search for substructures using thekta-
heating” effect [28] where for lower laser powevdts,
[20,21]. These structures are present regardleafhiether . L o R
the laser beam drives an existing collective inktatand

or not the bunch is off-crest and they increasesfoaller achieves a modulation which is much higher thart tha
emittances and larger peak currents. In the THgeathe ; 9
which one would expect from the laser alone. For

rr_1|(_:robunch|ng |ncreases.W|th Iarg¢r56§§ [20]. In the example, at LCLS, the expected energy modulatiorafo
visible range, an opposite behavior is observed: th

; : , . iven laser energy is 7.5 keV but the effective olation
microbunching decreases with largeg®R[21]. This is 9 ; L
possibly due to the fact that, in the visible wawnejth Is 28 ke_V. EEHG wil b_e operating In the 1 MeV eger
range, the non-zerosR and Rys of the chicanes will modulation range, so this sort of effect is notextpd for

cause microstructures to be smeared out in prapott typical operation.
b e tha e oo ¢ I microbunching in - 561 pARISON WITH FLASH Il EEHG

What this means for EEHG is that the weaker hundVhile the <0.7 mm ORS R is small, it is not very
compressor settings which have been used for linedifferent from the 1 mm g chosen for 0.7 GeV FLASH
compression with the '8 harmonic module could Il EEHG scheme to reach the™@armonic of 260 nm.
exacerbate any problems posed by microbunchin@ne only needs a several millimetegsRn the first
Compared to roll-over compression in which anxhicane if one is trying to generate higher harroemiith
substructures would be smeared out due to the gner modest amount of laser power and with a miniméim o
spread, in linearized compression, the beam is rundehase sensitivity. Table 1 lists the basic pararaeté
compressed, potentially amplifying substructuresteéad some planned EEHG experiments, along-side potential
of smearing them [23]. For linear compression, on2012 ORS EEHG parameters.
should expect a microbunching gain in the ranga fefw

hundred, amplifying the 1D shot-noise throughout the [ facility Eo Rse” | Rsg? |
visible part of the spectrum [24]. (GeV) | (mm) | (mm) | (nm)
The problem that incoming microbunches pose forFERMI FEL2 1.2 8.2 035 | 4

EEHG is that the incoming bunching may be strongerFERMI FEL2 1.2 25 0.12 10
than the bunching induced by the seed laser apg AsH | 1.2 5.2 0.09 4.37
depending on the phase of the incoming bunchirivel [ F_ASH 0.7 1.1 006 | 13.1
to the seeded bunching, a dramatically differeseda [ F ASH | ORS 1.15 <07 | <01 | 10-4d
power would be required to correctly fold and buticl | F ASH | ORS 07 <0.7 | <01 | 10-40

affected portion of the beam. The length of theect#d

portion of the beam is determined by the coherémgth 1,16 1. parameters of some planned EEHG experiment
of the incoming microbunching. Based on measuresneni,ng side some potential 2012 ORS EEHG parameters.

of the number of modes present for a giVeRpg geed wavelength for all of the experiments2s0-
microbunching wavelength, it was determined that f

550 nm, 70-80 modes are present in a given bundtican
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While the Res in the table vary significantly, the
difference in the laser powers required by eachhef
schemes from Table 1 is more striking:

e -FERMIFEL2 [250 MW]
-FLASH Il [1.5 GW]
-FLASH | ORS [6 GW]

The ORS section is unique in that a laser capable
delivering high power levels on a single-bunch &asi
already operational and injectable. This lasereiscdbed
in the context of the seed properties in [12].

CASCADED HGHG

power from the spectral density per electron of the
radiation emitted in the forward direction for tmg"
harmonic [27],

dU, _ e’y’m’K? D$in2(nl‘\lu(a)—a)m)/cul)

3

dQdw  4m sin?(m{ew-w, )/ @)

where

0 2 2

R JNLLLLASG R, R L. S ey
4+ 2K 4+ 2K

The radiated power for a given harmonic is proposdi
to the spectral energy [27],

An FEL using High Gain Harmonic Generation (HGHG)

is composed of at least two undulators separated by

chicane and it has been proposed to utilize the KHE&
in the sSFLASH undulators to seed radiation in th&&H

SASE undulators using a fresh-bunch cascade teadniq

[29,30]. This same concept could also be appliegctm-
seeding with the SFLASH undulators. The idea beltied
fresh-bunch technique is that the seeded portiothef

bunch is too heated to be used to radiate in anseco®

undulator stage, so the radiation from the firagetmust
be positioned over a fresh, un-modulated portiorihef
bunch [31]. The challenge of the technique is tertap
the radiation from the head of the bunch with a
appropriate portion of the tail of the bunch; assult, the
technique often requires long, high-charge buncbes
very short seed pulses.

Since the echo-seeding experiment being prdptmre
2012 would heat a 100 fs long portion of the etattr
bunch, the chicane after the sFLASH section woaldeh
to delay the electron bunch relative to the FELiathoh
by ~100 fs, requiring andgof ~60um, a value which is
achievable with the existing chicane. If one wishes
forgo the use of this chicane over concerns abo
microbunching instabilities, one can attempt th@esu
radiant cascade technique [32,33]. In this tectmidhe
modulation, debunching, and bunching all
simultaneously at different locations within thenbh and
the result is an extremely short pulse of radiatidgth
degraded spectral quality.

For any HGHG scheme to work, the radiationrisity
from the sSFLASH undulators must be sufficient tedsén
the SASE undulators. Based on the GENESIS simuigtio
presented in a previous section and on the equfdiahe
opening angle of undulator radiation for harmomigs

-1
m y

1+K?/2
2mN,

) , (®)

[34], the radiated 14 nm beam size at the exithef t

happe

du,,
dQdw

AQ

m

Un(w) = 6

contained in the solid angleQ,,=2nc, . Within this solid
angle, them dependent frequency shift is less than the
bandwidth of the radiation. Upon closer inspectiong
an see that the ratio of the power radiated atnifie
harmonic compared to the power radiated at the
fundamental is dependent only Enandm, and not ory
or ). If one plotsU,, as a function of radiated wavelength
'Iﬁr the sFLASH undulators witK=2.66, as was used in
the 14 nm EEHG scheme, one sees that thea8monic
has about half of the spectral energy of the furetaal
radiation within the solid angle defined by EqFig( 21).
Due to the possibility of residual bunchingrfradhe
EEHG process, it should be considered that Eqhé, t
energy per unit bandwidth, from an incoherent beam,
could be an underestimation of the available HGle€ds
power [35]. One could use the residual bunchingpfaat
the (3-19=) 5% harmonic of 270 nm in order to estimate
me enhancement at thé® harmonic of 14 nm which
could be achieved compared to an incoherent beaim. T
bunching factor could fall anywhere between 0 artib0

qependinq on the operation point.
6 |14 nm
sl
g 4.7 nm
3l
- 2.8 nm
g

N
T

4 6 8 10 12
harmonic number

SFLASH undulators would be ~100m (rms) and the Figure 21: The spectral energy of tmd" harmonic
divergence would be ~4@ad (rms). The "8 harmonic of €mitted into the solid angleQ,. The Lorentz factor ig
14 nm would have a smaller beam size, divergence af 2250, the undulator period s = 3.14 cm, and th&
power. One can derive an expression for a harmenid®arameter is 2.66.

14 of 16



ACKNOWLEDGEMENTS

lI:'hank you to Atoosa Mesek (HZB) for suggesting ukef
initial references and to Velizar Miltchev for GERES
files and instruction for the sFLASH undulator $eat
The research work was supported by DESY and BMBF
grant 05K10PEL1.

Based on Eq. 5, at the beginning of the SAS
undulators, 20 meters after the sFLASH undulatars,
reasonable approximation for th& Barmonic beam size
would be 200um (rms). Based on Eg. 6, one would
expect the 8 harmonic to have half of the 1 GW
fundamental peak power for a 1.5 kA electron bedm.
the intensity coming directly out of the sFLASH
undulators is 500MW/(pi*10um?) = 6 GW/cn, by the REFERENCES
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