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We propose to produce femtosecond pulses of soft x-ray eaheynchrotron radiation in a storage ring
for user pump-probe experiments using two energy exchdmgfeseen a picosecond relativistic electron bunch
and two external ultra-short laser pulses. The coherengstom is generated thanks to the two laser/electron
interactions that modulate the longitudinal charge distion of the electron bunch at a harmonic of the laser
wavelength, such as in the echo-enabled harmonic generatitee electron lasers. Application to the SOLEIL
storage ring in the soft x-ray range leads to coherent riadiand improvement of the flux of the photons
by several orders in magnitude compared to the conventslitahg scheme. This is also accompanied by a
significant improvement in the signal-to-noise ratio.

PACS numbers: 05.45.-a, 42.65.5f, 41.60.Cr

With the recent advance of femtosecond (fs) specan amplitude much larger than correspondent beam sizes (
troscopy [1], observing out-of-equilibrium molecular noot,  o,/), and finally the radiation can be collected separately, giv
disordered media and distorted crystal lattices in rea tie  ing synchrotron radiation with approximately the same dura
came possible. In the usual pump-probe technique, the puntn as the duration of the laser pulse. As only a fractiomef t
(an ultra-short laser) creates a wave packet, the evolafion electrons participates in the subpicosecond synchroadia r
which reflects that of the ensemble of excited molecules, thaation, the peak flux of photons is reduced by approximately a
is probed by a second ultra-short laser pulse providing e-spe factor of 10. Moreover, the total number of photonsin a subpi
troscopic signature that is further converted into striadtdy- ~ cosecond pulse is reduced proportionally to the pulse flengt
namics. Extending the studies from diatomic molecules tand the repetition rate of the subpicosecond pulses is define
larger and more complex systems encounters some ambiguiby the one of the laser, which is significantly smaller tham th
with the conversion of the spectroscopic to structuralimi®  bunch repetition rate in a typical storage ring. Thus, theepr
tion, requiring to the use of an ultra-fast x-ray probe witbit-  for obtaining subpicosecond pulses in a storage ring is-a sig
niques such as diffraction for crystal [2-5] or x-ray absimmp  nificant loss in the average flux and brightness of the source.
spectroscopy for dilute and amorphous systems [6-10]. Another reason for the small flux comes also from the inco-
For revealing the structural dynamic in real time on an atomi herent nature of the electron emission resulting in a cardit
time scale, intense stable fs x-ray sources are require@. Omwhen the peak power of the radiation is proportional to the
can select from among laboratory sources either high-ordgyeak electron current. A substantial gain in photon flux is
harmonic generation from an intense laser focused in a raneached with Free Electron Lasers (FELSs) [15, 21-23] thanks
gas [11], still limited to the order of 1 keV [12], or laser- to the coherent nature of the emission when the peak power of
generated plasma sources resulting from the emission of ahe radiation is proportional to the square of the peak edact
intense laser beam onto a metal or liquid target [13], sfilhw current due to microbunching of the electrons. Compared to
a rather low intensity at a high repetition rate [14]. the SASE (Self Amplified Spontaneous Emission) FELs that
Storage ring based synchrotron light sources [15] providet are currently under operation [23-25], seeded FELs have bet
able high brilliance x-ray pulses thanks to very small etatt ter temporal and spectral properties [26]. Since microhunc
beam emittance (i.e., small values of horizontal and vartic ing in the seeded FEL originates due to the electron beam
RMS beam sizes,, o, and divergences,, o,/). Typical interaction with an external laser, they are also easiest u
pulse length is directly linked to the electron bunch length  for pump-probe experiments due to intrinsic synchronirati
and is approximately tens of picoseconds long. The sodtallewith the pump laser. The implementation of seeded FELs in
"slicing” technique [16], which is currently under opexati  storage rings has been demonstrated in the VUV range and
at ALS [17], BESSY [18], SLS [19] and is under preparation below [27-30]. However, both in storage ring and in FELSs,
at SOLEIL [20], can produce subpicosecond synchrotron ralimitations arise at shorter wavelengths because of low mi-
diation pulses. In this scheme, a resonant interaction of anrobunching efficiency at the high harmonic of the laser fre-
electron beam with an external intense ultra-short lasksepu quency. Recently the proposed new seeding technique called
in a tuned undulator induces an energy modulation of the eledcecho-Enabled Harmonic Generation (EEHG) [31, 32] signif-
tron bunch that is several times larger than the RMS beam erieantly improves efficiency for a microbunching of electson
ergy spreadrg. This energy modulation is transformed into at a high harmonic of the seeding laser. A proof-of-prireipl
modulation of an electron transverse coordinate or angle wi experiment has been also carried out [33].



In this letter, we propose to join EEHG with the storage ringThe laser pulse of waisi; is transversely centered on the
and enable Coherent Synchrotron Radiation (CSR) in the sottlectron bunch center. Then, the electron bunch travels in a
x-ray region with the goal of obtaining higher photon flux storage ring section where it experiences dispersion (step
within subpicosecond x-ray pulses compared to a "slicing’as the path taken by electrons depends on their energy, the
source. We expect that in addition to the enhanced intensitynduced laser energy modulation drifts in the longituditial

the subpicosecond x-ray CSR source will posses substgntialrection (Fig. 2b,b’), and usually in the transverse dii@usi
improved temporal coherence and a larger signal-to-naise r (the dispersion strengths are characterized by the tnamsfe

tio. After a description of the process, we analyze how coheririx coefficientsRS) with 4,7 = 1,2, 3,4,5,6). However the

ent radiation can be achieved in the x-ray domain using thetructure after the transport (Fig. 2b’) appears only ifdpe

SOLEIL storage ring as a specific case. tics is configured such that the transverse dispersion legiwe
the two modulators is zero or very weaRé(i) ~ Rf.)l; ~ 0).
—_ Mirror Thus, from symmetric considerationﬁ’,gé) ~ Réé) ~ 0),

the fs energy modulated electrons cannot be separated trans
versely from the picosecond electron bunch, like in the slic
‘\"modulatorz ing scheme [16]. The longitudinal dispersioﬁéé)) should
(R dispersive section not be too strong to prevent the fine structure to be destroyed

T & >, radiator by the energy fluctuations of amplitudes  introduced by
- 2 Incoherent Synchrotron Radiation (ISR) in bending magnets
’"giam A (Ac?% = 55;(3;;) 277, with o the fine structure constant,

femtosecond CSR

+ picosecond ISR h the Planck constant, = Ey/moc? the normalized energy ,

mg the electron mass arfdandR the length and the radius of
the bending magnet, respectively [34]). In the SOLEIL case,
the transverse dispersion is cancelled using a ChasmamGre
lattice, and the longitudinal dispersion is decreasedguam
optimized additional chicane system. Then, in step c, the-el
FIG. 1: Proposed scheme layout. a) first laser electronaotien tron_s are resubmitted to a second laser of waigt which

in modulator 1, b) transport of the electrons through pathefstor- agam.modulates the electron energy at the laser wavelength
age ring, c) second laser interaction in modulator 2, d)ggesef Az (Fig 2¢,c’). Just after the second modulator (step d), the
the electrons through an adaptive dispersive section anchthator,

storage ring

where they emit synchrotron radiation. The two laser putsesbe Table I. Coordinate changes at each step of the proposetheche
. . . . . $2 2
p_rovnded t_)y the same oscillator (as in this figure), or by tywechro- st - " _ 2(052 = or -ty
nized oscillators. epa p=p+AXxe L1 COS()\L z) Xe 1
Stepb z ~z —&—pXRé?‘;—E
0 2 -~ IQ‘*TyQ

Figure 1 presents the proposed scheme. In addition to th
usual production of synchrotron radiation in a third getiera
light source, it includes two additional laser/electrotemac-
tions and an adaptive dispersive section.

The electron bunch evolution starts from a Gaussian distri€lectron bunch passes through an adaptive dispersivesect
bution along the transverse directiansz’, v, v’ and along  With a longitudinal dispersive strength (B{S)? (Fig. 2d,d").
p, the energy difference with respect to electron beam enWith a proper set of parameters, the longitudinal charge dis
ergy F, normalized to the RMS energy spreag. Since tribution p(z) of the electron distributiony (with p(2) =
the electron bunch is much longer than the fs laser pulse, the'>" [©2° [0 [7°° [*% f(x,2',y,y, 2, p)dxda’dydy'dp) is
electron bunch distributiorf can be considered as uniform modulated at a harmonicof the laser wavelength along the
along the longitudinal coordinate (taken in meters), i.e., overlap of the two laser pulses [31, 32]. The second laser
,l<(£)2+(L/>2+(_L)2+<_L)2+p2) pulse lengthrro is chosen quasi-uniform at the,; scale to

2 o oy EW

flz, o' y,y',p) = N< LT , provide a good bunching all alongy,;. Thus, these so-called
with N being the number of electrons T:)ér unit of length of "bunched electrons” can emit in_ phase in the tuned radiator
the beam. Table I shows the change of coordinates takin?nd produce CSR at a harmonic number of the laser wave-
place along the different steps and Figure 2 illustratesle ~ 1€N9th & = Az /k), with a duration near the first laser pulse
tron bunch distributions in the longitudinal phase spadegus duration, thatis typically 100 fs FWHM. The very weak trans-
SOLEIL [20] parameters (see Table Il). The firstlaser/etect  Verse dispersion should permit to get shorter pulse duratio
interaction in the first undulator called modulator 1 (st¢p a Compared to the slicing scheme. Finally, the laser repetiti
leads to a modulation of amplitudé; (in units of o) of the period should be enough long to permit the laser-induced in-
electron energy at the laser wavelengthin a length of the ~ créased of energy spread to be suppressed by synchrotron ra-
order of ones,; x ¢ with ¢ the light velocity (Fig. 2a,a’). diation damping, for a next efficient microbunching creatio

%tepc p =p + Ay xe 2or2)? cos(f—zz) xe w5

Stepd z ~z +p><Ré?‘;—’i
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FIG. 2: Calculated electron bunch density in the longitatliphase space:(p), using a linear 6D macroparticule code including noisenfro
ISR, (a, b, ¢, d: at the scale of the laser pulse lengths ard, &, d: at the scale of the laser wavelength), after thstfiaser interaction (a,
a’), after the first dispersive section (b, b’), after thea®tlaser interaction (c, c’) and after the second disperséction (d, d’). Parameters:

Ay = =5, Ay = =295 Ry = —1.5mm, RY = —48 ym, oy = 21 fs, 010 = 118 fs, w1 = wy = 600 um (A2 andR'? chosen to

optimize the bunching factor of the thirtieth harmonic)r Eee figure clarity, some parameter values are differemhfiose in Table II.

°
o

Table Il. SOLEIL parameters used in our study a)
Nominal energyFy, (GeV), energy spreadz (MeV)  2.75,2.79 % o 7‘\\\ |
Bunch dimensions . (mm), o, (um), o, (urad)  10.5, 147, 33 & e
Bunch dimensions,, (um), o, (urad) 10.0, 4.8 Zoost
Peak currenf,c,i (A) 134 - M
RadiusR (m) and lengthl, (m) of a bending magnet 539,1 ° o | | : \ ; ‘ 0.15
Chicane length (m) and field (T) 0.65,0.7 sk 1421 B
Modulator 1&2 period length (mm) 150 = *\\ o1 g
Modulator 1&2 number of periods 13 =027 g
Radiator period length,, (mm) 80 T e IR | 1
Radiator number of period¥,, 19 ]07 ‘ ‘ ‘ i“"‘_ _____ T .
Laser wavelength ;, (nm) 800 * * tharml;(r:ic nlusr(;berlin e
Maximum energy laser pulse (mJ) 5 . . .

FIG. 3: a)- Bunching factom (k) just before the radiator versus the

RMS laser pulse length; (fs), o2 (fs) 43,118

harmonic numbek (calculated with a linear 6D macroparticule code
over one laser wavelength) Wiﬂﬁéé) = —4 mmandA; = -5, and

We now investigate down to which harmonic number of" - b(k) = 0.39 x k~'/%. b) associateg A> and- - Rig.

the laser wavelength the CSR is produced in the SOLEIL
case [20]. The radiator of Figure 1 corresponds to an undu-
lator of the TEMPO beamline [20], covering 27.6-0.8 nm, the reduction ob(k) (calculated with a 6D linear macropar-
corresponding to a harmonic numbepof the 800 nm Ti:Sa ticule code) considering (i) the transverse dynamics i€
laser wavelength between 29 and 967. The CSR on theoise induced by ISR [32], (iii) the finite laser pulse dimen-
k' harmonic results in the bunching factii) defined as  Sionsori, or2, wi, we and (iv) a limitation imposed on
b(k) L | < p(z) e*=27/*r > | with <> the average the amplitude of the second energy modulatiéy i.e., of
along thez direction. For two laser-electron interactions, an5 oz in the SOLEIL case (with a laser pulse energy of 5 mJ,
optimizedh(k) can be expressed, for infinite laser pulse lengthws = 600 um andor, = 118 fs [35]). The bunching factor
and without transverse dependency, as [32]: decreases smoothly withtowards a cut-off corresponding to

| A2| reaching the limit value of 5 (Fig. 3b). The position of the
b(k) = |Jus1 [kAsBo] Ji [A1(By — kBs)] x e~ 2B1=kB21| (1Y cut-off strongly depends on thie\t) value and is of ~ 150

(Ar >~ 5.3 nm) for Ré%) = —4 mm. Associated values of
with B; = Régi—’;oE/Eo (i=1,2) andJ;, the Bessel func- A, andRé? (Fig. 3b) have been chosen from Eqg. (1), and the
tion of orderk. Further optimization of equation (1) leads absolute value ofd; is taken as 5 since a saturation of the
to the simpler expressioi(k) ~ 0.39 x k~1/3 [32], which  bunching factor arises at about this value [32]. First sisdi
provides an upper value of the bunching factor versus hartaking into account non-linear terms in the transport iatéc
monic number, as shown in Figure 3. This figure also showshat the structure can still be preserved.
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In order to analyze the enhancement of the emitted poweall the CSR can be collected assuming a Fourier-transform-

with respect to the slicing scheme, the CSR peak pdwerz

is estimated with an analytical formula taken from [36] and

further modified to take into accouat,, o,, o, and the
transverse incoherent part of the radiation:

2

K
1+ K2/2

Posr = mahw

I 2 @)

. Tpeax Ar N
with Ne = Zpeak Ar Vu

slippage Iength\f.eNu, N, the radiator period numbef, =
(0700 2/ (\/oT ¥ G2N/T% + 0% Jo + 02 [o2 + 02),
or = V2 A\ Nu/dm and o, = /A /2, N, respec-

* the number of electrons within the

limited pulse, whereas a large part of the ISR is suppressed.

In summary, we proposed a mechanism for producing fem-
tosecond coherent synchrotron radiation in the soft x-eay r
gion in storage rings using two electron-laser interacti@m
echo scheme). For the SOLEIL case presented here, for which
practical design issues were addressed, the CSR extends dow
to 5 nm and provides about 150 kW at 27 nm, which is 6 or-
ders of magnitude higher than the power obtained under the
same conditions with the slicing scheme. The extension of
CSR towards shorter wavelengths could be achieved with a
lower beam energy and shorter laser wavelengths.

The authors acknowledge M. Labat, S. Reiche and G. Stu-
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K = A3/ A =2, [JJ] = [Jo(z) - Ji(x)] and
¢ = K. Atk =30 (\, = 26.7 nm) with b = 0.05
(Flg 3a),PCSR ~ 187 kW.

We also calculate the CSR peak powef, with GEN-
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