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Abstract ts require that the seed power be signi cantly greater than

the spontaneous power due to the inherent noise.
4GLS is a facility proposed for the Daresbury Labora- P P

tory in the UK which will offer users a suite of high bright-
ness synchronised sources from THz frequencies into the

XUV-FEL OVERVIEW
XUV [1]. In the current design, photon energies from 8- .
100eV will be generated in a variable polarisation FEL 1he design of the 4GLS XUV-FEL has undergone sev-

ampli er directly seeded by a High Harmonic Gain Sys_eraI iterations [3]..[6]. The XUV-FEL branch of the 4GLS

tem. The reasoning behind this choice will be discusse‘f]onceptuaII design is shown in schematic form in Fig. 1.

and characterisation of the sources based on the present-@é[-)Ical Opefa“”g parame_ters and speci cation for the con-
sign presented. ceptual design are given in Table 1.

INTRODUCTION Table 1: XUV-FEL conceptual design parameters
General
The Conceptual Design Report for the 4GLS project| FEL design High Gain Ampli er
to be based at UK's Daresbury Laboratory has been pubr Seeding mechanism HHG source
lished [1]. A suite of synchronised coherent variably po-| Photon output
larised radiation sources covering the spectrum from THZ Tuning Range 8-100eV
frequencies to photons energies ofL00 eV will provide Peak Power 8-2GW
the scienti c community with a tool that will enable new | Repetition rate 1kHz
windows of scienti ¢ exploration to be opened and there-| Polarisation Variable elliptical
after exploited. Initially, the major themes of the 4GLS | Min Pulse length FWHM < 50fs
science programme will lie in time-resolved measurements Typical f t 0.6
and nanoscience. Details of the science case driving the Max pulse energy 400 J
need for 4GLS were rst published in [2] and more recently | Electron beam parameters
updated in [1]. Energy 750 - 950 MeV
A major component of 4GLS will be the XUV-FEL. The | Bunch Charge 1nC
current design for this component is for a seeded FEL am; RMS bunch length 266 fs
pli er that operates in the 8-100 eV photon energy range| Normalised emittance 2 mm mrad
to provide peak powers between approximately 1-10 GW RMS energy spread 0.1%
allowing very high eld intensities of up ta0'’ W/cn? to Undulator parameters
be achieved. In order to tune over the spectral range both Undulator Type PPM & APPLE-II
the electron beam energy and the undulator magnetic eld No of Modules 8&5
are variable. Because the FEL acts as an ampli er the seed Module lengths 2m
sources also need to be continuously tunable. Period 45 mm & 51 mm
There are several potential bene ts in operating an FEL| Focusing FODO
as an ampli er of an injected seed as opposed to allowing Minimum magnetic gap 10 mm

the FEL to self-seed from inherent noise to generate Self

Ampli ed Spontaneous Emission. An important benetis

the potential improvement in the temporal coherence of the The work of [6] describes some detail of the undulator
FEL output over that of SASE. This increases the spe@nd focusing lattice choices based upon studies using the
tral brightness. Shot-to-shot reproducability and stighil design formulae of Xie [7] and steady state 3-D simula-
are also improved. The ampli ed pulse width, being detertions using Genesis [8]. Undulator module lengths @fm
mined by that of the seed, may be signi cantly shorter thamere chosen with a simple FODO quadrupole focusing lat-
that of the electron pulse, and indeed there is the potentid@te inserted between modules along with BPMs and phase
to amplify more exotic pulses for post-ampli cation ma- matching units. This solution requires a shorter total un-
nipulation. Finally, the length of FEL interaction requdre dulator length to achieve saturation than the longer module
to achieve saturation may be shortened, thereby reducingtions considered in [5], which require a more complex
space requirements and ultimately costs. All of these benguadrupole doublet or triplet focusing system. However,
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Figure 1: Schematic layout of the XUV-FEL conceptual design

when gaps between modules are included, the total overmacuum vessel has therefore been proposed that gradually
all length of modules plus gaps is slightly longer for thedecreases in aperture from module to module. The two ad-
shorter module option. The ability to monitor and optimisevantages of this approach are that rstly resistive wall and
the electron beam transverse position at regular intetals surface roughness wake elds are much reduced compared
ensure optimal radiation-electron beam coupling throughe a constant minimum aperture, and secondly, as discussed
out the FEL and the relative simplicity of the design eniater, the tapered internal aperture allows optimal faugisi
sured the shorter 2 m module length with FODO focusingf the seed pulse across the whole wavelength range.

was chosen.

A schematic for the undulator/focusing lattice is shown HIGH HARMONIC GENERATION
in Fig. 2. Also shown are the injected radiation seed elds SOURCES

focused to the beginning of the rst resonant undulator

module, for each of the cases. The undulator Iength 'S peak pulse powers due to intrinsic noise at the beginning
therefore controlled so that saturation always occursen th.c .« FE| interaction for the XUV-FEL parameters of Ta-
nal yarlable undulator module VUS. In this way, variable ble 1 are typically 30..50 W across the photon energy range
polarised photons may be generated across the full OPEIgs 100 eV. Any seed source for the XUV-FEL must there-

t|qnal range .Of the FEL and itacts as a xed source SIranIfore generate signi cantly greater power than this if itas t
fying the opt|cal transport system of the output 1o the n""Idominate the evolution of the noise to saturation. In addi-
user experimental areas. tion, these seed sources must be continuously tunable over
It can be seen from Fig. 2 that planar undulator modul&0-100 eV. Fortunately, High Harmonic Generation (HHG)
PUL1 is only required to ensure saturation al00 eV and sources now exist that meet these seed requirements, or are
that its magnetic gap will be at the operational maximuneadily foreseeable within the very near future [1]. Indeed
of 28 mm. This module will not be required to oper-it can be expected that the rapid advances in this eld will
ate at gaps very much smaller than this, and therefore the able to easily surpass present 4GLS design requirements
vacuum vessel aperture containing both electron beam afud seed sources over the next few years, so this is an area of
radiation seed can be relatively large at this point. Simiresearch that must be closely observed and the XUV-FEL
lar considerations show that module PU2 will operate witldesign modi ed accordingly. Here the method of HHG
minimum magnetic gap slightly smaller again, and so ogeneration is summarised and the properties of the HHG
for the rest of the modules PU3..PU8. Use of a step-tapersded elds described to enable simulation by the 3-D FEL
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soov e R N N N 2 ) O G 5 (31 nm). Bglow this. photon energy it is proposed to in-.
troduce an intermediate noncollinear phase-matched opti-

oo N I I O 2 cal parametric ampli er (NOPA) between Ti:Sapphire laser
60V S O S O M G EVE A EEEY = and the gas, which will give continuously tunable output
ST T LT Jusleurteusteus between 1200 nm to 1475 nm. For the 14 mJ speci cation
- of the Ti:Sapphire laser this gives 2 mJ output from the
L L L NOPA. Although introducing this further ef ciency loss,
Eaamn 1 1 1 | Jrusleud the system will enable more than suf cient continuously
e D ————————essssmmy | (UNAble power for XUV-FEL seeding for 8-40 eV opera-
10eV tion.

U VI8 VU Summarising, the powers available from HHG sources

exceed 4GLS requirements. In the XUV-FEL modelling

Figure 2: Schematic of the modular undulator system al . g
focusing lattice of the XUV-FEL demonstrating the differ-r} itsfggzvﬁ’ ;g;&%gx Gél(k)o_e\llz)(c)) 'T(?/:/agg IfVVG)ai‘Es;éa; n
ok =

ent mOdET of opetr)anon across th? phorfon elnfetrgg rgnlge NHM pulses are assumed. The repetition rate dfkHz
100 eV Electron beam transport IS right to left. Un uatolrs well matched to the XUV-FEL seed requirements.
modules marked in grey have large magnetic gaps 0
and are effectively absent for the purposes of the FEL inter-
action. The minimum required undulator gap (and vacuum MODELLING SEEDING OF THE
vessel internal aperture) decrease in gradual steps from 28 XUV-FEL
mm (25 mm) for PU1 down to 10 mm (7 mm) for PU8
and the variable polarisation modules VU1-VU5. Radia
tion beam waists of the seed and output are shown from For effective seeding, the seed pulse should be injected
100 eV (violet)..10 eV (red). coincident with the electron pulse at the start of the undula
tor and focused to a waistyp, of approximately the same

] ) transverse dimensions as the electron pulse. (The waist
code Genesis [8]. Further detail and references regard'%nimumwo is de ned as the radius at which the radiation

the HHG sources systems may be obtained from [1, 9]. e is1=¢? of its peak value.) Focusing should not be
The HHG sources are based upon samples of Noblg, tjgnt that the seed diffracts rapidly within a gain length
gases driven by a high-energy drive laser [10]. A typical; the start of the FEL interaction (i.e. when the Rayleigh

Seed injection

drive laser is a linearly polqrised Ti:Sapphire system ORengthZg = w 2= L4.) The relation for the radiation
erating at 800 nm generating several to tens of mJ pey4ist size

pulse of FWHM duration of a few tens of fs. For the 4GLS s

conceptual design, 14 mJ pulses of width 30 fs FWHM are z 2 2

assumed. The high elds generated by such lasers is the w(z)=wo 1+ 7o

key to harmonic generation. The process can be understood
semiclassically at the atomic level in terms of ionizatiorwherez, is the position of the focus along the axis of the
and recombination steps occurring within an optical cycleyndulator lattice, restricts the minimum aperture sizénef t
with the energy gained by the electron from the laser eldracuum vessel that will allow transmission of the seed to
between these steps going into the harmonics [11, 12], aitd focus. As the focal size is determined by the electron
the phase of the harmonics being related to the trajectorieeam radius, which is nearly constant for all seed wave-
inthe eld between steps. By macroscopic phase matchinggngths, the vacuum vessel's minimum transverse dimen-
single trajectory lengths for each harmonic can be selecteslons are determined by the longest wavelength seed (10 eV
and a coherent output, with well-de ned phases betwegphotons) which must be focused furthest from the FEL en-
the harmonics obtained. trance as shown in Fig. 2. As the minimum operational
The experimentally observed shape of the HHG yieldindulator gap decreases with undulator module PU1..PUS,
curve is of a rapid decline of the lower order harmonas discussed for Fig. 2, the vacuum vessel may be tapered
ics followed by a plateau-region, in which the harmonido accommodate the focusing of the 10 eV photon energy
yield falls relatively slowly. An intensity dependent cut-seed. This is demonstrated in Fig. 3, where the seed eld
off harmonic is then reached, beyond which the yield dropis injected at the entrance of undulator module PU1 and
quickly to zero [13]. This model is used to construct arfocused to the optimal waist (as shown in following simu-
HHG eld to simulate seed injection into the XUV-FEL in lations) ofwp, = 200 m at the entrance of module VU1
the simulations of later sections - see Fig. 4. approximately 21 m downstream. It is seen that the vac-
Tuning of the HHG sources may be achieved by suitablyum vessel inner wall dimension at= 0 is 25 mm to
modifying the drive laser, for example by introducing aaccommodate wall thickness and clearance for the 28 mm
chirp or more generally by adaptive pulse shaping. Continundulator magnetic gap. The walls are at least two beam



waists away from the peak power on axis at all positions upf investigating the effects a typical HHG radiation eld
to the start of the FEL interaction regionzat 21m. Thus was generated for use with the 3-D code Genesis. The full
the tapered vacuum vessel should provide suf cient cleaHHG spectral power is shown in Fig. 4. However, Gen-

ance for injection of this (worst case) 10 eV seed injection.
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ikl Figure 4: Simulated power spectrum from an HHG source.
Figure 3: Plot of the dimension of the inner vacuum ves- . . o )
sel wall (blue) which has been step-tapered to enable t§§iS iS @ time-averaged code with a minimum interval be-
undulator module tuning ranges of Fig. 2. The waist siz&V€€n sample points of the eld of one radiation period so

w(z) (red) for a 10 eV seed is also shown, focused at th&€ sampling rate is ts = f %, the inverse of the res-
entrance to VU1 at = 21 m. onant frequency. The Nyquist frequendy, = 1=2 tq

determines the bandwidth of frequencies that the eld can
contain without the effects of aliasing. Hence the range of
frequencies that can be simulated by Genesis without alias-
ing effects isf, =2 < f ; < 3f,=2. Thus from Fig. 4 it is
The method of seed generation and speci cation acrosgen that if simulating 100 eV photon energy generation
the XUV-FEL spectral range is summarised in the previou# the XUV-FEL, only the 50-100 eV components of the
section and described in more detail in [1, 9]. The HHGHHG spectrum should contribute to the Genesis input le
seed has interesting spectral and temporal properties, Ising its 'RADFILE' option.
ing composed of a large number of narrow, phase-coherentA Genesis simulation was performed for 100 eV opera-
odd harmonics of a fundamental drive laser. This formtion with the limited spectral range HHG seed pulse as de-
a comb structure in frequency-space. Such a phase csoribed above. A uniform current of 1.5 kA was assumed.
related comb in frequency space has a similar comb-likgue to the relatively short slippage experienced at these
structure in the temporal domain, resulting in a series gfhoton energies, this is very close to that experienced by
atto-second pulse structures each separated by one half ¢h&hort pulse coincident with the Gaussian peak current of
drive laser period. For a drive laser such as the Ti:Sapphiteke XUV-FEL. All 13 undulator modules were assumed to
laser with wavelength of 800 nm, the 65th harmonic be the planar type modules PU1..8. The seed at the begin-
corresponds to the maximum XUV-FEL photon energy ofiing of the FEL interaction & = 0, the entrance to PU1,
100eV. If the complete frequency content of a HHG pulsés plotted in Fig. 5. Both the atto-second structure in the
were to be injected into the XUV-FEL it would be prefer-pulse power and the comb of odd-harmonic wavelengths
able if only one of the harmonics, say théh harmonic, (inset) are clearly visible. The peak power of the resonant
interact resonantly with the electrons. The HWHM gainl00 eV ( 12.3 nm) component is approximately 22 kW.

Seed with full harmonic content

bandwidth = should then be less than the spac- On propagating through the amplier to = 16:2 m,
ing between harmonics. This gives the conditieh 1=n. Fig. 6 shows that the ne atto-second structure is beginning
A typical value of 2 3 10 3 for 100 eV opera- to be ‘washed out' due to the selective ampli cation of the

tion so that < 1=65 1:5 10 2 is easily satis ed. resonant wavelength at 12.3 nm (inset). All non-resonant
Thus, it should be possible to inject all of the seed radmtio harmonics of the seed appear unaffected by the resonant
including all non-resonant harmonics, into the XUV-FELFEL interaction. This is further con rmed by Fig. 7 which
without the need for band-pass pre- Itering of the seedshows the output at saturation zat= 32.4m, the end of

as all non-resonant harmonics will simply become neglithe interaction region. The radiation pulse shows none of
gible relative to the resonant harmonic as the FEL intethe atto-second structure of the input seed and the spec-
action proceeds through the undulator. For the purposésl power density shows a single high power emission at
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Figure 5: Radiation seed power at the beginning of the anfrigure 7: Radiation power as a function of local distance, s,
plier z = 0 m as a function of local distance, s. Theat the end of the ampli ez = 32:4 m. The spectral power
spectral power content of this pulse is shown as a functiaontent of this pulse is shown as a function of radiation

of radiation wavelength in the inset. wavelength in the inset.
7\ T | [ ‘ T TTT ‘ I
— which, for 100 eV operation, uses the full set of planar and
- variable undulator modules with the FODO lattice incorpo-
. B rated between modules. The variable APPLE-II undulator
Ly modules VU1..5 are set to helical mode so that circularly
_ C polarised radiation is generated. The radiation power is
§ 6x10° plotted in a spatial window that travels along the undulator
B axis at the speed of light. Fig. 8 plots the power distributio
ax10° — of the seed pulse of peak powRy, = 30 kW and duration
— 30 fs FWHM at the entrance to the rst undulator section,
5108 — PU1. The seed is assumed to have only the resonant har-
; £ 15 E 30 e 5o 3.0"104:|IIIIIIII|IIIIIIIIIIlIIIIIIIIIlIlIIIIIIj__
s [um] - -
2.5% 10° f— HHG seed —
Figure 6: Radiation power as a function of local distance = 30 kW, 30fs FWHM 3
s, atz = 16:2 m through the ampli er. The spectral power ~ 20x 10" [~ =
content of this pulse is shown as a function of radiatiot— = -
wavelength in the inset. = 15x10° =
1.0x 10° f— —
the resonant wavelength 12.3 nm. It is concluded that, - 3
least for these three-dimensional simulations, the ifgact ~ 5.0% 10° = =
of the (Nyquist limited) harmonic content of the HHG seec - ; -
appears to have no adverse effects in the FEL evolutio % 100 200 300 400

or in the saturated emission. The same conclusion may be B
rawn for lower photon energy XUV-FEL ration where_. .
drawn for lower photon energy XU operatio © eFlgure 8: Input radiation seed power (red) to PU1 as a func-

the condition to enable neglect of non-resonant HHG coq.— :
o : . . ion of local distance, s. The electron beam current pro le
tent, < 1=n, is more easily satis ed. Thus in all subse-

guent simulations only the resonant harmonic of the HH((Bblue) Is also shown against the same numerical scale.

seed content is used in the simulation input. )
monic component so that none of the atto-second structure

XUV-FEL 100eV simulations discussed above is present. Also plotted Fo scale is the elec
tron beam current, here assumed Gaussian, of peak current
A complete simulation of the design for the XUV-FEL I ,x = 1.5 kA and duration 626 fs FWHM. At the exit of
operating at 100 eV is now demonstrated, using the parartiie planar undulator modules, it can be seen from Fig. 9
eters as given in Table 1. Full details of all parameters mahat the peak radiation power has increased t60 MW
be obtained in [1]. The system modelled is that of Fig. 2vith little change in the pulse structure or width. This guls



Figure 9: The radiation power at the exit of PU8 as a fun

. . CIfigure 11: A log-plot of the radiation power at the exit of
tion of local distance, s.

VU5 as a function of local distance, s.

and the co-propagating electrons are then injected into the
set of APPLE-II undulators, VU1 to VU5. By the end of
this set of undulator modules, it is seen from Fig. 10 that
the FEL interaction has saturated, achieving a peak power
of Ppk 2.5 GW and of duration t 60 fs FWHM.
Fourier analysis gives the bandwidth of the spectrum as

Figure 12: A Log-plot of the radiation power at the exit of
VU4 as a function of local distance, s.

shape is con rmed from the pulse duration of 43 fs

FWHM and spectral bandwidth of = 6 10 4 giv-

ing an improved time-bandwidth productof t 0:63.
Figure 10: The radiation power at the exit of VU5 as aAn improved contrast between the peak power and that of
function of local distance, s. the SASE pedestal is also evident.

= 5:6 10 “*which gives a time-bandwidth product . .
of f t 0:8which compares favourably with that for XUV-FEL 10eV simulations
a transform limited Gaussian pulse of t  0:44. A Similar simulations to those at 100 eV were carried out
log-plot of the same data clearly shows in Fig. 11 the reldor the case of 10 eV operation of the XUV-FEL. Now
tively clean central seeded region upon a noisier pedestahly the APPLE-II undulator modules VU1 to VU5 are
This pedestal is the ampli ed SASE radiation which rerequired to achieve saturation as shown schematically in
mains well below saturation because of the smaller initidFig. 2. The input seed power is Gaussian with a peak power
spontaneous noise radiation (typically a few tens of wattsPpx = 100 kW and duration 30 fs FWHM. The electron
compared with the initial peak seed power of 30 kW. Theulse current will have the same Gaussian distribution as
shape of the saturated pulse power envelope is not quitethgt for the 100 eV case of Fig. 8.
Gaussian as may be expected which suggests that the FEIRadiation power output at the end of undulator module
interaction may have progressed just past saturation. Takt5 is shown in Fig. 13 using a log scale. Pulse qual-
ing the output power at the end of the previous undulataty is very good with a peak power of 6 GW and pulse
module, VU4, and plotting it in a similar log plot in Fig. 12, time-bandwidth product very close to that of a transform-
a cleaner Gaussian shape can be seen, with a slightly fienited Gaussian (t f 0:44). If the radiation is in-
duced peak power d?pc 1.5 GW. The improved pulse stead extracted at the end of undulator VU4, the radia-



Figure 13: Log-plot of the radiation power for 10 eV oper-
ation at the end of undulator module VU5, as a function olf:

local distance. s igure 15: Radiation peak power for 10 eV operation at the

end of undulator module VU5, as a function of seed beam
waist at the entrance to VU1.

tion power output is shown in Fig. 14. A better contrast

gain length at 10 eV for these parameters to b8.5 m.
The optimum Rayleigh length for a seed focused at the un-
dulator entrance is therefore found to B opt 2Lg.
For this optimum focusing the seed beam waist at the in-
jection point,z = 0 (beginning of PU1), is 4.1 mm. If it
is assumed that a full aperture at the injection point of six
times the beam radius is required to minimise diffraction
effects, then a vacuum vessel aperture a5 mm (mag-
netic gap minus 3mm) is suf cient. This is achieved with
the step-tapered vacuum vessel design, as discussed above.
The above results show that the output power at the end
of VU5 reduces as the seed waist size at the entrance to
VU1 increases. (Consequently the seed radius at the in-
jection point also decreases.) The reduced coupling be-
tween radiation and electrons with increasing radiation

Figure 14: Log-plot of the radiation power for 10 eV Oper_walst means that saturation is not achieved in the xed un-

ation at the end of undulator module VU4, as a function olgulator length. _Nev_ertheless, It may be bene cial to use a
local distance. s. arger seed waist size than the optimum value of 269

and compensate for the increased saturation length by fo-

cusing the seed into the previous module PUS8 for example.

(This will have no effect on the saturation power which is
dependent of seed.) A larger waist size will reduce out-
ut power uctuation due to seed source pointing stabil-

between the peak power &% 1 GW and the SASE
pedestal power is seen from the case of Fig. 13, indicati
that the FEL had already saturated before the end of VU

The time-bandwidth product is approximately the same . While this will be investigated further in future design

ti 048 work, the current conclusion shows that the optimum seed

Time dependent Geng_si_s 1.3 simulations have also belpd?:using geometry may be obtained with the use of the pro-
used to assess the sensitivity of the XUV-FEL output pow osed step-tapered vacuum vessel.

to the seeding geometry. It is assumed that the most dif-

cult photon energy to achieve optimum geometry will be, ,_ . S
10 eV because of the relatively long distance 021 m be- Variable polarisation
tween the seed injection point (before PU1) and the rstop- As has been noted above, the HHG seed sources are lin-
erational undulator (VU1). The peak seed power of 100 kVarly polarised. However, this should not present problems
was focused to a waist at the beginning of VU1. Fig. 15n generating variable polarisation. When the HHG seed
shows the effect of varying the size of the focal point waistis injected into a planar undulator it causes the electrons
An optimum waist of 200 m yields a peak output power to bunch in the axial?) direction. The polarisation of

of Ppk 7.5 GW. The corresponding Rayleigh length forthe radiation emitted is determined by the electron trajec-
this focus is 1.0 m. The Xie formulae [7] estimate the tory. Hence, if the electron bunching is initiated in a plana



undulator and subsequently transfered into an ellipgicall HHG sources have also been included in the 4GLS con-

polarised undulator, the electrons will emit ellipticaip- ceptual design as user sources in their own right. This

larised radiation and progress via the FEL interaction tbas not been discussed, but is of signi cant importance to

saturation. If the linearly polarised HHG seed is injectedhe overall concept of 4GLS as a facility providing multi-

with the electrons directly into an elliptically polarised-  colour synchronised sources to the user.

dulator then coupling between seed and electrons will oc- It has been demonstrated that the multi-harmonic content

cur in the plane of the radiation electric eld and will beginof the HHG seed need not be ltered before injection as the

to bunch the electrons. The bunching electrons will thegain-bandwidth of the FEL interaction ensures that only the

emit with the elliptical polarisation determined by the un+esonant harmonic affects the FEL output.

dulator. Optimal coupling will occur when the major axis The most critical aspect to ensuring the success of the

of the elliptically polarised undulator is co-incident tvit XUV-FEL design is in the spatio-temporal synchronisation

that of the electric eld polarisation of the seed. between electron pulses and HHG seed at the beginning of

the FEL interaction region. While initial study suggeststhi

is feasible, this and other aspects will now be the subject of

greater scrutiny as the 4GLS project enters the technical
Detailed discussion of synchronisation and timing jit-design phase.
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