SWISS LIGHT SOURCE m=

(= ={Jm» PAUL SCHERRER INSTITUT Q&Si

SLS-TME-TA-2010-0320
10th March 2010

Halo background in laser beam slicing
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Most of the background noise in a laser beam slicing experiment for
generation of sub-ps X-ray pulses is due to a beam halo formed from
the relics of previous laser beam interactions. Thus the signal to noise
ratio deteriorates if the laser repetition frequency is increased. In the
context of a planned laser beam slicing installation at SOLEIL for the
CRISTAL and TEMPO beam lines, and a planned upgrade of the exist-
ing SLS installation for the 4 XAS/FEMTO beam line, we will investigate
the signal to noise ratio as a function of the laser repetition rate and
compare it to tracking simulations and to measurements done at SLS
FEMTO.
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1 Introduction

In a laser beam slicing setup for generation of sub-ps X-tdygs, a laser beam mod-
ulates the energy of electrons in a wiggler (the modulatDidpersive elements fol-
lowing the modulator translate the energy modulation inkmazontal separation. In
a subsquent undulator (the radiator), the modulated elestemit synchrotron radia-
tion at an angular and/or spatial offset. Slits located endbam line suppress the core
beam radiation and transmit only radiation from electrothveinergies above some
threshold level in order to extract sub-ps X-ray pulses.

The modulated electrons are not lost from the beam but stdyingale the ma-
chine acceptance, thus they will perform betatron and swtiddn oscillations (very
similar to Touschek scattered particles). Decoherenceéalirgear and non-linear am-
plitude and energy dependancy of the betatron oscillatesds to fast filamentation
and forms an isotropic beam halo within a few 100 turns. Evaht the beam halo
merges back into the core beam due to radiation damping.

Since the laser repetition time (1 ms) is shorter than the radiation damping times
of the storage ring (several ms), the halo is fed with newiglag while others merge
back to the core. Thus an equilibrium beam halo will form vhgcomposed from the
relics from a number of previous laser beam interactionvi@isly, the population of
the halo increases with the laser repetition rate.

Radiation from the halo electrons will be transmitted @distiby the apertures of
the beam line and provide a background to the experiment.s,Tie apertures of
the beam line have to be set for maximum signal and minimura trahsmission.
This is best achieved by a pair of slits orthogonal in phaseepn order to fit the
acceptance to the signal’'s phase space area. Orthogaeagjityes a focusing element
in the beam line which is usually realized by a toroidal minpooviding horizontal
and vertical focussing for point-to-point imaging from {l@tual] source point to the
experiment.

In this paper we will calculate the signal and halo intetissifor this kind of set
up and develope a strategy how to optimize the ratio of bothaalytical model will
be established and compared to simulations and measureatedt S-FEMTO. This
paper is a continuation and further elaboration of previsask on the subject [14, 8,
15].

2 Laser beam slicing layouts

Fig. 1 shows the schemes of laser beam slicing as alreadgiat®L.S-FEMTO [16]
and as proposed for SOLEIL [10]. At SLS, a dedicted magnetacte had been in-
stalled to translate the energy modulation to horizontahsstion, whereas at SOLEIL
the storage ring arc performs this task. At BESSY-II (notvghpa dipole was in-
stalled between modulator and radiator located in the sdragylst [2]. Radiation
emitted from electrons that received an energy modulagogxiracted by a system
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Figure 1: Schematic layout of the existing SLS-FEMTO irlatadn (top) and of the
proposed laser slicing installation at SOLEIL (bottom)

of apertures (front end slits), whereas the radiation frobemdeam core and from the
dipoles between modulator and radiator is blocked.

The basic layout of a beam line for point to point imaging @& firtual] source to
the experiment is shown in fig. 2: relevant elements for ouppse are the front end
(FE) and beam line (BL) slits, and the focusing element {t&amirror) between. We
only consider the horizontal plane, where the separatidorne.

The basic layout as shown in fig 2 corresponds to/tRAS/FEMTO beam line
at SLS [9] and to the two beamlines CRISTAL and TEMPO at SOLtwhich are
foreseen to make use of the sub-ps X-ray pulses. The condsmpradiator undula-
tors are located one, resp. four arcs downstream the modwaigler. Storage ring
parameters for SLS and SOLEIL, and beam line parameters\ae ig appendix A.

3 Beam dynamics

3.1 Modulated beam dispersion

An electron beam in a storage ring has a Gaussian distributiohe 6 dimensions

x, 7' y,y,s,0 = AF/E. The modulation due to laser interaction leads to a non-
Gaussiam-distribution in a rather thin (irs) slice of the bunch. So we call the
energy a particle has due to the Gaussian distributiongahd energy from the laser
modulation. Thus, the 2-d horizontal transformation of gipke from the modulator
(indexm) to the radiator (index) is given by

Ty = 7,(6 + 8) + My (T — (5 + 0)) 1)
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Figure 2: Schematic layout of a beamline using photons fiasen beam interaction.

77 are the local dispersion vectors aff},,,. is the2 x 2 horizontal matrix for transfer
from “m” to “r” given by

L0

O L W B (i ol

2)
R is a rotation matrik, A, the horizontal betatron phase advance between the two
points, andl” the transformation of the local beam ellipse to a circle dfua,/e, with
«, B, v the Twiss parameters ardhe emittance.

Eqg.1 expresses the fact, that the dispersive orbit is theeceh motion for the
betatron oscillation. Extracting only the modulation génition 6 by assuming an
ideal closed orbit particler, = 0, 2/, = 0, 6 = 0) in eq.1 and dividing by we get
the propagation of dispersion for the modulated electrons

;77» = ﬁr - Mrmﬁm (3)

The same dispersion is obtained from a lattice code by stpttie beam at the modu-
lator and settingj,,, = 0.

3.2 Normalized phase space

The equation of a modulated particle from the beam core imabzed phase space
(x, x") at the location of the radiator is obtained by multiplicatieith 7.

Note, that the matrixz corresponds to a counter-clockwise, i.e. mathematicalitive rotation

for ¢ > 0, however bounded motion ifx, ') phase space corresponds to a clockwise rotation, i.e. the
betatron phase is a negative number.

2Eq.3 is equivalentto eq.(1) in [10]
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Figure 3: Schematic view of phase space distribution
In normalized horizontal phase spdge x’) the modulated electrons are initially aligned along
the red line, which is composed from the dispersion in théatad () and the betatron ampli-
tude excited by the change of energy in the modulatoy.

Since in normalized phase space the betatron motion is bimuadircle, it is conve-
nient to introduce amplitude and angle of the dispersioction:

H = (T7)? =yn* +20mn + B> p = arctan (70”7 ; Ul ) (5)
Then the particle coordinate is given by
- COS T COS <
Xr = H, <in (p1r) 6 \ Ho sin (Aptrm + fim) 6 (6)
| Y ——
=T = —m

If both radiator and modulator are located near symmetrgtgpivheren ~ ' ~ 0,

it is obvious, that a phase advane:,.,, = 7 provides optimum spatial separation.
The situation for two values @fis shown in fig.3: the modulated particles are aligned
along the red line.

Eq.6 and fig.3 show two contributions to separation: the fasn, 7%, is the or-
bit due to the local dispersion of the radiator, the seconu,t&?4, is related to the
betatron amplitude the particle received due to local d@pe when its energy was
changed in the modulator. The evolution in time is diffef@mtthe two contributions:
The modulation energy will oscillate slowly with the synotron tuner, and damp
exponentially with the longitudinal damping time, asymptotically approaching the
natural energy spreags. The betatron amplitude will oscillate fast with the betatr
tuner, and damp exponentially with the horizontal damping timgasymptotically
reaching the natural horizontal emittanceéo, for turnn, resp. time = nT,, with T,
the revolution time, eq.6 becomes

Xrn = (e_"TO/TS cos(2mnug) T+ e_"T"/T”R(QﬂnUx) T?L) 0o (7)
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Figure 4: Particle distribution as a function of energy.
The core beam distribution alone (before laser modulai®shown as dotted line. The front
end (FE) slits define an interval of electron energy (dasimed) from which the emitted pho-
tons are accepted. The distribution is well approximated bgear function (triangle). How-
ever note the slight asymmetry of the distribution due to*theoy phase shift” effect. The
histogram is based on simulation data [3] for 3 mJ laser misegy.

Hered, is the initial, individual energy modulation of the paréciSince we are only
interested in high amplitudes, i.e. amplitudes large camgbto natural emittance and
energy spread, the asymptotic values of the damping fumchave been neglected.

3.3 Distribution of energy modulations

In order to establish a simple analytical model, and sincargenot interested in the
core beam region, we may well approximate the energy digtab of the modulated
electrons by a linear density function as shown in fig. 4 (redized to unity):

- dN 1 10| <~
o0 -F-(1-5). w=s, ®

With 4, the maximum (peak) value @f received in modulation. This distribution is
valid at any time!, since all energies will follow the same temporal evolutiaich
has been explicitly introduced already in eq.7. So we onsdrte consider the distri-
bution of initial energies.

Eq.8is a 1-dimensional distribution and leads to a norredljzhase space distribu-
tion shown as the red line in fig.3 for “turn 0, i.e. immedigtefter modulation. Later,
each particle performs a fast betatron oscillation follagva circle with midpoint and
radius given by its individual energy The midpoint vector oscillates slowly with the



synchrotron tune. The betatron oscillation will show ratfast flamentation due to
decoherence and nonlinearities, so for estimates of h&dasities we may simplify
the model by assuming isotropically populated circles fmtevalue’,, weighted by

eg.8. In sec. 4 and 5 we will integrate the resulting particstribution over the phase
space acceptance area defined by the FE and BL apertureschiatal the visible

arcs of these circles.

3.4 Effective photon emittance

The size of the photon beam depends on the beam line opticsratie photon emit-

tance. Dispersion and diffraction lead to an effective phdieam emittance which is
larger than the electron emittance. This may become red@aen filtering the photon

beam at the slits in order to extract the signal and suppmssand halo beam.

In case of non-zero stored beam dispersjom the radiator (as it is the case for
SOLEIL), effective emittance and Twiss parameters areioétifrom a convolution
of the 2-d distribution iz, ") with the 1-d distribution in:

By + (n.05)? e, —nnlo?
e = SRt Moo, g DO Mg

Eeff Eeff

with H the dispersion’s amplitude (also called lattice invandram eq.5 andr; the
natural energy spread.

Diffraction creates a finite photon beam phase space whishiidhbe convoluted
with the effective electron beam phase space. Emittancéatadfunction describ-
ing the diffraction phase space of a single photon at waggeh, emitted from an
undulator of lengthl, are appoximately given by [6]

A L
N R

The convolution with the electrons’ phase space is giveroby 3]

€d g ~ 0 (10)

ot = € €5+ €€q (ﬁ + Wd) Bohot = f ¥ cafis Ophot = —

Ba €phot €phot
Using photons in the keV-range, resp. wavelengths: 10A, we usually neglect
diffraction sincee > 1 nm> ¢; ~ 0.1 nm, i.e. the horizontal photon phase space
is assumed to be identical to the electron phase Spaldgis approximation is well
fulfilled for SLS-FEMTO and SOLEIL-CRISTAL but not for SOLEATEMPO at low
photon energy (100 eV). Even in cases where ¢,, the mismatch of diffraction and
electron phase spaces may lead to an emittance increase gfdbon beam, because
(is much larger thaw, (=~ 0.1...0.2 m), in particular for SOLEIL.

(11)

SVertically this is not at all the case, however since we itigase horizontal separations schemes,
we don’t need to consider that.



3.5 The virtual source point

Seen from the beam line, the beam is emitted from a virtuaicsopoint at a distance
L, upstream, which is (neglecting diffraction) given by
Qe ea—mn o2

L, = =2 12
Yeft €Y + 77/20(% ( )

The effective Twiss parameters at the virtual source are given by

2

Qg
61),65 = 665 - ”}/: Ay eff = 0 Yov,eff = TVeff (13)

For the extreme cases of an emittance dominated beam wittimeétsional distri-
bution, where the source is of finite size, and of a disperdmminated beam, with a
1-dimensional distribution, where the source is a pointpbiin the limits

ﬁ—>61 Lv—>LUe:—g e—0: Lv_)LUn:Q (14)

Y n
For the laser modulated beam, we have to use the modulateetsiisnij from eq.3.
The virtual source distancds,; and L, thus may be different, limiting the minimum
achievable beam size at a focus in the beamline.

3.6 Slicing efficiency

The analytical model has to be calibrated in order to comparceparticle tracking
and experiments.

The simulation of laser beam interaction leading to fig. 4 d@se trackingV, par-
ticles uniformely distributed in a time intervA7T". The fraction of particles contained
in the triangular are& is obtained by

triangle area

Np =N, - F Fro=_—2"""
o o ATy histogram

(15)
The fraction of charge, or number of electrons in the slioeypared to the total charge
of the Gaussian distributed electron bunch of rms legilk given by the factor

_ slicecharge AT
* bunch charge /270,

So, the intensity of the signa transmitted by front end and beam line has to be
multiplied with these factors to obtain tihech slicing efficiengE:

(16)

SE=Fur-F,-S (17)

The bunch slicing efficiency thus gives the fraction of diteam to core beam inten-
sity. This assumes gating of the experiment on the time sifalee bunch repetition

9



Figure 5: Phase space corridor formed by the FE slits

rate, i.e. no light from other, unsliced bunches can be s@etal slicing efficiency
is the ratio of total flux for the laser slicing experiment ke ttotal flux for the other
users. With/, total current, and, the current of the single bunch used for slicing,
T, the revolution time of the storage ring, arig the slicing rep.rate, the total slicing
efficiency thus is

SEum = S T,/1 (18)

Of course, in eq.16 the length of the sliced bunch has to be, wdgch may be length-
ened due to its larger current. Details of the beam line, refiectivity of monochro-
mators, reduce normal and sliced beam flux in the same wayhaisalb not affect the
slicing efficieny.

The core beam backgrourddis obtained from integration of the [Gaussian] core
distribution over the FE and BL apertures, and weighted f{y'» F), to normalize it
to the signalS and haloH results.

4 Front end (FE) acceptance

The FE slits suppress the core beam and dipole radiatiorte $ive modulated elec-
trons are “sorted” horizontally due to dispersion, the Fis-slso select the energy
acceptance of the beam line. However, the acceptance neadglbe limited due to
the finite length of the toroid, as it is the case for SLS-FEMA@ sketched in fig.2.
In this case, the movable FE slits are adjusted to meet tivags in order to protect
the toroid.

The inner and outer blade of the FE slits located at a distandeom the refer-
ence point, i.e. the radiator centre, may be at horizontsitipnsz, » (also see fig.6
below). Backtransformation to the reference point andstfi@mation to normalized

10



phase space, using eq.2,

y27%<é fﬁ).(ff) AER, (19)

defines the corridor of FE acceptance shown in fig5:

X = Xi2+ d)\  with X12 = ( ;//\/\/B_BL ) 21,25 d= ( \/ﬁ__—Lg/ﬁ\/ﬁ_ ) ’

The vector of minimum distance of the slit blades to the origigiven by

12 = X1,2 —

4.1 FE signal acceptance

The modulated beam photons, which (neglecting emittarrecdlayned along the dis-
persion vector, are shown as red line in fig.5. The intervalisible” energies is given

by geometry: ,
~ a ~
d1p =min | ———2— 1§ 21
1,2 min (6172 ] (F—i— 'I’?L) ) p) ( )

Of course,Sp, the peak modulation is the limit. Integration of eq.8 gitles turn-0
signal transmitted by the FE slits:
by Ny 52 _ 32
szfp@w:%~&—%~% (22)
01 5p 2(512)

For finite emittance, the integral from eq.22 has to be matifbieincluding the Gaussian beam
profile: We introduce a unit vectarpointing in direction of the vectoi, » and integrate along
this direction:

+op ra — G- (F+m)s)2 5 ~
oL [ (L= Y () g
V2meoy -5, Ju 2¢ )

P

Here, to each energybelongs a Gaussian distribution displaced by dispersidr sblution
agrees withirk% for beam emittances up to 200 nm with eq.22 for typical patarsef SLS-
FEMTO, therefore neglecting the emittance seems to be ustlfigd.

4.2 FE halo acceptance

The halo intensityH is given by integrating the photon distribution over theaaoé
the FE-corridor in fig. 5. Each energy has to be weighted vighwisible arc ratio and
with the density function from eq.8:

—6p 27

11



where the angle is given by geometry (see fig.5):

a2 1 (71’2 -7
012 = arccos | —= - = —
m ayom

(24)

For the case of SLS-FEMTO with no dispersion in the radiater;” = 0, an elegant
analytical solution was found [15]. An analytical solutiexists for the general case
too, but it is not “nice” and complicated by several caseinitsions depending on sign
and magnitude of. Therefore, a semi-analytical, less elegant method wasetho
which proceeds simply by calculating the visible arc angtesf table of-values and
summation, but still executes much faster than particlekiray.

4.3 FE core beam acceptance

The transmitted core beam is simply given by integratiorhefGaussian distribution
over the corridor defined by the FE-slits:

1 aq a9 1
CFE _ 5 (erfc <\/7> — erfc (\/Z)) N (25)

The factorl /2 takes into account, that core beam is transmitted only tosatee The
factors from egs.15,16 take into account that the core biggraes from the whole
bunch, not only from the slice.

5 Beamline (BL) acceptance

If the toroid of the beamline as sketched in fig.2 is adjustedreate a focus at the
BL slits, an efficient suppression of the halo can be achiéyetlosing the slits while
little affecting the signal.

The transfer matrix for imaging from the virtual source (J\0f the beam to the
BL slits (“*b”) is given by

we(UE)(F )05 e

with L, the distance from the source to the toroid, see eq.12,/gnithe distance
from toroid to BL-slits. /' = 1/f = 2/(Rsin«) is the horizontal toroid focusing
strength from eq.43 in appendix B, with the tangential radius and the incident
angle. Assuming the distances are given, the solutio'ferobtained from

fb = va . fv and va ; < M /\/?_1 ) (27)

with the result” = 1/f = 1/L, + 1/ L, for a point-to-point image with magnification
M=1L,/L,.

12
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Figure 6: FE and BL slits in phase space
The stored beam is represented by the solid red circle afisadi at the origin. The modula-
tion forms a line of same thickness in normalized phase sgdeand BL slits appear as cyan
and green corridors. The left figure explains the coordinéfset Ay, for backtransformation
of BL slits.

This solution is only approximately correct for finite eraiite. The exact solution is obtained
from

| 1
0= ap, = —mi1ma1 B, — Miamaz—

Bo
sincea, = 0 at the virtual source, see eq.13. Using the matrix from egrzbsolving forF'
gives the exact solution. However, for small emittance @it is close to the approximate
solution (for SLS-FEMTO the difference is 0.5%).

The backtransformation of the BL-slits to the referencep@adiator) is similar to
the FE-slits backtransformation from eq.19, but insteaal inégative drift we have the
inverse of the transfer matrix from the radiator to the Bit-8f,,, and an offsef\y/,,
because the beam line coordinate system has a spatial ankhiasiift compared to
the reference system, which is determined by the centrgdaaging the FE-slits. From
fig.6 can be seen, that

L, T —|—£L’2
A, =T, ) e
X < 1 ) 2(Lyi + Ly)

Correspondingly(r + m)é = Ay, defines the central modulation energy accepted.
The backtransformation of the BL-slits as sketched in fig héen given by

+
X) = R(_A,urb)Tb ( :b ) + Afr kER (28)

13



5.1 BL signal acceptance

Closing the beam line slits t&x N, rms beam radii thus scratching off the tails of the
Gaussian attenuates the signal from eq.22 by a factor

2 / Ve s e (Do) g (29)
0 2 B \/§

whereN, = x, /0, andoy, = /e With 3, obtained from application of eithé,, or
M., from eq.26 to the effective source parametersfrom eq.18radtively we may
just use the beam line magnification, = Ma,,.

This is only correct if the angle of inclination between thie-8lits in phase space and the
signal distribution (green and red lines in fig.6) is not tamk. Otherwise near the FE-blades
the cut of the Gaussian will become asymmetric and lead tdwcesl signal.

5.2 BL halo acceptance

The procedure is similar like for the FE-slits and straightfard though a bit tedious:
the halo intensity is obtained from the integral resp. suer ¢ive particle distribution
“visible” inside the rhomboid area) area formed by the intersection of the FE and
BL corridors as shown in fig.6, schematically written as

+3p 6 5 < =
HP — / o) 5yas (30)
5, 2m

Practically, we determine the visible arc length of eachleias a function of, multi-
ply by the density function and summarize. The rhomboid epwectors are obtained
from elimination ofA andx in eqs.19,28.

5.3 BL core beam acceptance

The core beam accepted by the rhomboid is approximately asd easily obtained
from the average density, i.e. averaging the values of thes§an distribution at the
rhomboid cornerg x'}« (in cyclic order!) multiplied with the rhomboid area:

—_

I 4 1
L - E ~Xi/(2€) L Z E & X 31
1 2 e 5 Xk+1 —4[k /4] Fi F. (31)

6 Repetition rate

Since the time between laser beam interactions is mucheshibvan the radiation
damping time, the total halo signal is composed from mangshkdft over from pre-

vious interactions. Due to radiation damping the halo #tsriand finally approaches
the equilibrium beam parameters of the core beam. As longeaarhplitude is large

14



compared to the beam emittance and natural energy spreédehedistribution will
be maintained, because the dynamics far above equilibswominated by classical
damping. So for any time or turn numbem = t/T, after the laser slicing the halo
calculations above are still valid, if we just replace threlei midpoint vectors and their
radii by the time dependant values (see eq.7):

— —nT,/Ts

¥ — Ty=T-¢€ o/

cos(2mnuy) m — m,=m-e
The laser repetition time has to be an integer multyéthe turn number?,., = pT,,.
Then the total halo intensity is composed from all halosrdstd by multiples ofp
turns:

K
Hyget™ = 3_ Hi,™ (32)
k=1

The upper limit of summatiolx” is reached when the amplitude corresponding to the
peak energy modulation disappears behind the inner blatihe &TE-slit, see fig.5:

i i B .
<—~eKTO/TS—i—m-eKT"/T”)(sp:m — K
ay

Here, the synchrotron osciallation termratvas dropped, because only shrinking due
to damping guarantees that the halo does not come back #gain.earlier turn< K,
the halo transmitted by the FE/BL intersection rhomboid miagppear already.

7 Particle tracking

The storage ring lattices for SLS and SOLEIL with parameggven in appendix A
were tracked using the program TRACY-2 [5]. The equilibribeam parameters and
local Twiss parameters at the modulator centre were eniete@n IDL-program for
laser beam simulatidn The program established a 6-dimensional ensemble of par-
ticles representing a thin slice in the center of the elecbonch: The longitudinal
coordinateAs/c has a uniform distribution over an interval ©f 06 fs, corresponding
to +50 of a laser pulse with 50 fs FWHM in power, and the other dimemsihave
Gaussian distributions with the stored beam parameters.

The modulation was calculated by integration of the pagtidotion through the
modulator wiggler and the superimposed electric field oflélser. For simplicity, the
parameters of SLS/FEMTO were used for all runs and scaledea&GOLEIL case,
since details of the modulation process (wiggler field, Hlagavelength, laser pulse
length etc.) are not relevant for the calculation of signdialo ratio and its evolution:
this depends only on the modulation amplitude, the elech®am parameters, the
radiation damping time and the beamline geometry.

The modulated particle ensemble’s coordinates were tla@sfierred to TRACY-
2. In order to save computing time, particles with total gyéﬁ + 9| < eus Were

4Program written by Paul Beaud, PSI, with minor modificatibypshe author.
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ignored, wheréj.,, was chosen at least 3 standard deviations of the naturagyener
spread, because they must never enter the beam line — otlketitvei core beam tails
could enter too and would spoil the experiment anyway. Tédsiced théV, = 100000
particles used for the laser beam simulation to aBo0®0 for tracking. Table 1 shows
parameters from laser beam interaction simulations whietewsed for the analytical
treatment.

Table 1: Parameters from laser beam interaction simuls(@d GeV)

Laser pulse energy [mJ]| 0.35 1.0 2.0 3.0
max. modulation for eq.8 107%| 451 7.22 10.0 122
triangle normalizatiort, from eq.15 0.623 0.553 0.548 0.542
deut fOr tracking 1073 | 3.0 3.0 3.5 3.5

The coordinates of the tracked particles at the locatioh@fadiator[s] were writ-
ten to files at every turn in order to do further processinggisither IDL-programs:
assuming that every electron in TRACY continues as a phatun the radiator cen-
tre, the particles were tracked further down the beamlinthéoFE-slits and finally
to the BL-slits (see fig.6) by application of drift and torawhatrices. This neglects
any diffraction effects, but includes the increase of affecemittance due to radiator
dispersion. At FE and BL slits particles were filtered andrésulting intensity was
normalized to the analytical formula by dividing the numbétransmitted particles
by N, - Fa sinceN, particles make up the complete histogram from fig.4, wheee th
triangular distribution was fitted to.

The figure beside shows as an example the halo ™"
in turn 1000 after modulation for SLS-FEMTO.
The halo appears to be completely filamented. The
empty center is due to the fact, that the core region
was cut out. All grey particles are blocked by the
FE-slits. The magenta, red, orange, yellow, green
particles correspond to 1...5 sigma filtering at the
BL-slits. The blue particles are beyond 5 sigma.
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8 Results

Calculations were done for SLS-FEMTO, SOLEIL-CRISTAL an@LEIL-TEMPO
with parameters listed in appendix A. In addition or in déaia from these, following
parameters were set:

FEMTO CRISTAL TEMPO
Slicing rep. rate [kHZz] 1 10
Max. modulatior, 1073 (MeV) | 10.0 (24) 7.2 (20)
FE slit positions [mm] 16+1.55 25+05 35405
BL slit positions [pem] +140 +380 +48
Toroid tangential radius [m] 5541 137 135

Using our model, the situation was optimized with regardigmal intensity and
signal to halo ratio using the FE-slit inner blade as the npairameter, however the
width of the FE-slit was kept constant — in case of FEMTO it @& available as a
parameter anyway. The toroid tangential radii in all cassgehbeen optimized for
optimum halo suppression and result in focusing the beahet®L-slits, which were
set to+20 of the beam width.

For FEMTO the toroid translation and acceptance from egs4givien as FE slit
position in the table above. For CRISTAL the toroid radiutueas sligthly beyond
the maximum of 121 m listed in the appendix. Using this maxmwalue would result
in a 20% higher halo background. The middle of 3 availabledBts has been used.
For the other two, the optimum radius is even further out efdperating range.

The best toroid radius value found for TEMPO agrees with #ilees/for an ideal
point-to-point imaging, see eq.27. The value given in theesplix is wrong probably.

The results are shown in figs. 7, 8 for FEMTO, figs. 9, 10 for CRAS and figs.
11, 12 for TEMPO:

8.1 Normalized phase space

The normalized phase spage ') is plotted at the location of the radiator midpoint
as shown above schematically in figs.3, 5 and 6. For FEMTO mattispersion in the
radiator, all halo-circles are concentric.

The initial modulation is shown as red line, the maximum reddlue circle.lo
andbo contours of the core beam are shown as black solid, respedasttles. The
FE and BL slits are shown as blue and cyan corridors. Insieegéiow rhomboid of
intersection the accepted signal is shown as thick red &nd,the accepted halo as
blue arcs. The red dotted crosshair marks the coordinagetaifhen moving from the
radiator/FE system to the BL system. Following slicing éfincies were obtained for
the parameters mentioned above:
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FEMTO CRISTAL TEMPO
Slicing efficiency eq.17 107% | 0.87 2.8 2.0
Total efficiency  eq.18 107 0.8 66 48

The impressive factor 100 advantage of the SOLEIL propdsealse present SLS-
FEMTO is due to higher rep rate (factor 10), larger sliceddbucurrent (factor 2.5),
shorter bunches (factor 1.6) and wider FE-acceptanceo(fact 3) — as previously
mentioned, FEMTO is restricted by the limited horizontatgmance of the grazing
incident toroidal mirror.

8.2 Halo decay curve

Halo intensities accepted by the FE slits and by FE & BL sktéumctions of time are
shown as blue, resp. red lines. The accepted signals argrtiteots att = 0. Inten-
sities are normalized to the triangular fit from fig.4, regpthte distribution function
from eq.8. Since there is no dispersion in the radiator of-EEMTO, the halo de-
cays smoothly, whereas the dispersive radiators of SOL&Ad to a modulation with
the synchrotron oscillation. For the given laser repetitiate, the halo decay curve
is sampled according to eg.32 and gives the following redult the ratio of halo to
signal:

FEMTO CRISTAL TEMPO
Halo to signal ratia7®%/SBY | 0.06 0.21 0.29

Considering that the rep rate is 10 times higher for SOLEtle, halo suppression is
still better by a factor 2—3 thanks to the synchrotron oatidh. At SLS-FEMTO the
measured halo to signal ratio at 1 kHz rep. rate was 7%, wigobsa well with the
model.

8.3 Comparison of model and tracking

Intensity as a function of turn number is shown in dark blueR& acceptance, and
in light blue for FE & BL transmission. The insert is a magration for the first few
turns. The signal is the intensity in turn 0. The model is shas purple (FE), resp.
red (FE & BL) lines, resp. crosses.

It is interesting to note that due to high chromaticiy5] and larger modulation
amplitude the halo filaments rather fast in case of SLS, witgr8 OLEIL with lower
chromaticity & 0) the betatron oscillation is visible much longer.

The model reproduced quite well the shape of the halo deaayg @nd the relative
intensities, however in absolute values the model gerygpativides abou0 — 50%
larger numbers than tracking, which is not yet understoddherefore the data were
normalized to the FE signal™® for overplotting.

Sprobably bad statistics in tracking: only a few 100 parsatentribute to signal and halo
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The table below compares model and tracking data of the atesealues of the
signals and the total integrals over the halo decay curvestfie halo intensity if the
laser repetition rate would equal the revolution frequéncy

FEMTO CRISTAL TEMPO
SEE model /tracking | 0.032/0.027 0.062/0.054 0.045/0.042

SBL 0.030/0.024 0.059/0.047 0.043/0.040
S HE 12/9.7 281/21 26/1.7
S HPE 21/15 1.3/1.0 1.2/1.0

Considering the approximations and simplifications of thedel, the agreement
with tracking is acceptable and supports confidence in theéeino

8.4 Signal and halo vs. FE slit position

Red and blue symbols mark FE, resp. FE & BL signal, solid lthesintegrated halo
and dashed lines the core beam intensity.

Best halo suppression is achieved if the FE & BL acceptanomsboid is moved
near the peak of the modulation, because then the halo ¢iaepmost fast from the
acceptance. This also provides the shortest X-ray pulsasettr, the signal intensity
is low and can be increased on expense of pulse length andhbisie by moving the
rhomboid closer to the centre by shifting the FE-slits toitiséde. In reality, the best
working point will be found empirically.

8.5 Halo vs. slicing repetition rate

Blue and red lines show the total halo accepted by the FE, feEp& BL slits as a
function of the laser repetition rate. The signal intenstindicated by horizontal blue
and red lines, the core background by cyan lines. The blaek ltorrespond to a linear
fit for halo intensity as a function of rep. rate, from whicrachcteristic values of rep.
rate are calculated and shown in the table below: the maxinepmate where the halo
has disappeared due to damping from the acceptance betoreex laser shot, and
the rep. rate where halo and signal are of same intensity:

FEMTO CRISTAL TEMPO
Rep. rate forr/®:/SB =0 | [kHz] | 0.40 0.66 0.75
Rep. rate forr/BL/SBL =1 | [kHz] | 10.1 42.2 31.4
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9 Discussion of results

9.1 Optimization strategy

Based on the optimizations using the model, the followingtegyy became clear to
increase the signal and suppress the halo:

e Peak modulation is determined by the core beam backgroueiet, e consid-
ered only background from the core beam in the radiator, Heitbackground
from adjacent bending magnets may be much higher.

e The FE-slit positions are the most important parameter:ingothem both out,
i.e. towards the peak of the modulation reduces the signagven stronger the
halo and strongest the core, and besides gives the shorest pulses. As a
first guess one may set the inner blade to at Isastffective (incl. dispersion
and diffraction) rms core beam width, and the outer bladen&opgeak of the
modulation.

e The BL-slits have to be at the focus of the beam, which reguaréunable fo-
cusing element (toroid) in the beam line, and may be openabt@at2s of the
effective rms modulated beam width.

e Dispersion in the radiator undulator helps in halo suppoessince the halo
disappears temporarily from the acceptance due to syrmohroscillations.

e A period-P filling pattern with P bunches sliced alternatingely gives a factor
> P better signal to halo ratio.

9.2 Comparison to measurements at SLS-FEMTO

The total slicing efficiency from eq.18 and listed in sec.gides the ratio of sliced
photon flux to normal photon flux. TheXAS/FEMTO beamline operates at 6 keV
and a relative bandwidth df6 - 10~* set by the monochromators. At 400 mA beam
current, the measured flux amountsté - 10'2 ph/s/0.016% BW. The single bunch
used for slicing has a current of 4 mA compared to 1 mA of a bumte normal train,
which was already taken into account when calculating tha &licing efficiency.
Furthermore a CVD filter taking 50% of intensity used in noroy@eration is removed
for slicing. So another factofvp = 2 has to be applied, giving a flux of about
1.3 - 10* ph/s/0.016% BW at 6 keV and 1 kHz rep. rate, resp. about 80opisot
per shot normalized to 0.1% BW for comparison with fig.13 simgya measurement
of signal, halo and core photon counts as a function of Rizigh. toroid position.
Signal and halo data have been added to fig.7 (green squatresaag) after division
by SEiota1 Fovp /SBY for normalization to the model (red diamonds resp. line irviig
Note: since the abscissa of the measurement is only a elediordinate, the measured
signal photon numbers were looked up in the model curve totfiadelated toroid positions,
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then the series of looked up positions was shifted relatvilaé series of measured positions
by adjusting both mean values. Of course, any deviation fr@tounted signal photons from
the model prediction would shift the points again, so anyctiion on agreement has to be
taken with some care.

9.3 Alternative filling patterns at SLS

If the halo intensity is too high, there is still the possigito have several bunches in
the ring and to slice them alternatingely. Then the halo yilsempling rate is equal to
the laser repetition rate divided by the number of bunchés. gating of the detectors
is sufficiently fast & 20 ns) to allow reasonable distances between the sliced benche

The number of bunches has to be odd, because in pumb-probaragpts only
every second laser shot goes to the sample (pump) but evetryssiised for slicing
to create the X-ray pulse for analysis (probe) in order toehaptimum background
subtraction. An even number of bunches would introduce &eByatic error, since
different sets of bunches would be used for probing and fokdpaund determination.

In the SLS storage ring, due to beam loading effects, thadilbattern introduces a
phase modulation, which is welcome basically, becauseitiges the Landau damp-
ing of coupled bunch instabilities by means of $i& harmonic cavity, but it implies
a temporal shift of bunch centres by about. .. 0.7 ps/bucket (depending on cavity
tuning) at 400 mA. In order to have a constant repetition tifpevhen alternating
between several bunches (instead df;@ 77 . . . series, which would be difficult to
handle), the filling pattern needs a periodicity equal tortbember of bunches to be
sliced.
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SLS has 480 buckets and is usually operated with a train ob8®@hes filled to
about 1 mA plus a single bunch of about 4 mA current 30 ns intfobthe train. The
remaining gap (150 ns) is used for ion clearing and in ordentitmduce the phase
modulation for Landau damping. A feedback procedure basdddividual bunches
current measurements controls the filling pattern [7]. Abdiucharges higher than
4 mA coherent synchrotron radiation leads to a high backgtoaf THz radiation,
which spoils the THz based diagnostics of the laser-beamapze

Alternative patterns using 3 or 5 evenly spaced buncheslaontes trains between
have been investigated but found less stable due to redumedaly damping. Even-
tually stability could be achieved by increasing the gajpsyéver this requires distri-
bution of the 400 mA beam current on a smaller number of busahe thus leads to
reduced Touschek lifetime [1].

9.4 Comment on proposed laser slicing at SOLEIL

At 10 kHz slicing repetition rate and 10 mA single bunch caotréoth CRISTAL and
TEMPO beam lines at SOLEIL can achieve a total slicing efficieof abouts - 10%
at a halo background level of about 25%. A break-even of hatbsignal is reached
for arep. rate 080 . .. 40 kHz. Diffraction effects were not yet included.

Dispersion in the radiators turns out to be an advantage @irE3L since halo
suppression is supported well by the synchrotron osa@lhafi his advantage overcom-
pensates the disadvantage of increased effective enetthrecto dispersion. However,
due to interference of the laser shots with the synchrotsaiilation exist some incon-
venient combinations, which lead to a much higher halo bemkgd. But these cases
could be easily avoided by a small change of synchrotron tune

On the other hand, considering a dedicated slicing opeyatimde with 50 bunches
of 10 mA (if feasible) a very high slicing rep rate of 50—100Z¢kf feasible) would
result in 1-2 kHz rep. rate per bunch, and then the interéererf rep.rate and syn-
chrotron oscillation (see the frequency scans in figs.1P¢c@ald even be exploited to
find combinations for lowest halo.

9.5 Comment on proposed upgrade of SLS-FEMTO

The FE-slit acceptance limitation could be widened redyiwby reducing the laser
modulation, than the whole phase space diagram from fig. ensadnified, but not
the FE corridor. But the gain is signal (factor 2) is accomedrby an even higher
increase of the halo. Moving out the FE-slit to reduce bogimai and halo returns to
the present performance, so reducing the modulation gaithsng.

Introducing dispersion in the radiator would reduce the rathe way as observed
in the SOLEIL studies. Modification of optics while keeping @ntraints on phase
advances however is difficult. Very preliminary studies boer indicate a 50% im-
provement.
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In the present configuration, the only way to increase theibie keeping the
same signal to noise level is using the period-5 filling patnd upgrade the laser
from 2 to 10 kHz.

10 Conclusion

A model has been established and calibrated, which allostsalization and fast in-
teractive optimization of the parameters in a laser slisetip.

The performance of proposed laser slicing at CRISTAL and PEMbeam lines of
SOLEIL was investigated and lead to abouit(5® total slicing efficiency (compared
to normal operation at 500 mA) and about 25% signal to halo fat 10 kHz slicing
rate and 10 mA bunch current. Considering alternate sliofmgany bunches, even a
laser repetition rate of up to 100 kHz may be feasible.

The performance of the existing laser slicing at the FEMT@nbdine of SLS
was modelled and compared with real data. A slicing effigienic8- 101 and 6%
signal to halo ratio was found for 1 kHz laser repetition 1@tel 4 mA bunch current.
Measurements of flux and signal to halo ratio agree well viiéhrhodel.

A SLS and SOLEIL parameter tables

A.1 SLS and SOLEIL storage ring parameters

SLS SOLEIL [10]
Energy E [GeV] 2411 2.75
Revolution time T, 1S 0.96 1.18
Working point vy vy 20.43/8.74 18.20/10.31
Emittance € [nm rad] 6.1 4.1
Rel. energy spread os 1073 0.86 1.02
Horizontal damping time Ty [ms] 8.0 6.5
Longitudinal damping time 7, [ms] 4.0 3.25
RF voltage VRr [MV] 2.2 4.0
Synchrotron tune Vs 0.0062 0.0065
rms bunch length: oy [ps] 16 10
Total beam current I, [MA] 400 500
Number of bunches B 390 416
Sliced bunch current I [MA] 4 10
Beam parameters at modulator centre
Beta function Bm [m] 9.265 4.175
Alpha function Qi 0.68 ~0
Dispersion . [m] —0.0617 0.15
Dispersion slope gl —0.0413 ~0

SLS data for synchrotron tune and bunch length are withalih@rmonic cavity.
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A.2 SLSuXAS/FEMTO bea

Point of reference

mline parameters

radiator U19 centre

Beta function 8.7m
Alpha function —2.07
Stored beam dispersion Om
Stored beam dispersion slope 0
Modulated dispersion 0.4153 m
Modulated dispersion slope 0.0952
Phase advance medad 86°
Toroid at 17.315m
Horizontal beam line slits at 31.865m
Toroid orientation horizontal
Toroid incident angle 3.1 mrad (var.)
Toroid tangential radius 5.4...00km
Toroid sagittal radius 0.1075m
Toroid length 1.0m

A.3 SOLEIL CRISTAL beamline parameters[11]

Point of reference

radiator HU20 centre

Beta function 18.19 m
Alpha function ~ 0
Stored beam dispersion 0.2416 m
Stored beam dispersion slope ~ 0
Modulated dispersion 0.5217m
Modulated dispersion slope —0.008
Phase advance medad 210
Front end slits at 12m
Toroid at 19m
Horizontal beam line slits at 5,15,16.5m
Toroid orientation horizontal
Toroid incident angle 9.48 (for 12 keV)
Toroid tangential radius 91...121m
Toroid length 0.1m
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A.4 SOLEIL TEMPO beamline parameters[12]

Point of reference

Beta function

Alpha function

Stored beam dispersion
Stored beam dispersion sloj
Modulated dispersion
Modulated dispersion slope
Phase advance meerad

e

centre of medium straight

4.18 m
~0
0.150 m
~0
0.216 m
0.03
839

Radiator HU8O centre at
Radiator HU44 centre at
Front end slits at

Toroid at

Horizontal beam line slits at
Toroid orientation

Toroid incident angle
Toroid tangential radius
Toroid sagittal radius

Toroid length

—0.416 m
1.332 m
12m
20.945 m
23.538 m
horizontal
20
367 m[?]
0.163 m
0.12m

B Imaging properties of a toroidal mirror

A toroidal mirror is a surface shaped as the section of a tasushown in fig. 14; it
focuses in both transverse planes. For use in an X-ray bemndne of the incident
angles (here: the horizontal angil¢has to rather small to provide sufficient reflectiv-
ity. The toroid shown in the figure is located at the originhedf toordinate system, with
radii of curvatureR in the horizontal, called tangential radius, aRdn the vertical,
called sagittal radius. A vectorof the toroid surface thus is given by

R —(R—Q)cos¢p —Qcos¢pcosl

=

n=

Q@ sind (33)

(R—Q)sing +@sin¢cosb

The normal vector of the tangential plane in a point of theittal surface is given by

— cos ¢ cos 6
sin (34)

sin ¢ cos 6

The anglesy andd will be very small. Keeping up to second orders approximties

toroid by a paraboloid:

R¢*/2 + Q0?/2
fz( Q0o

R¢

) ( 1+¢2/2+92/2)
i~ 9 (35)
¢
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Figure 14: Toroidal mirrortight figure is a magnifaction of top left figure’s centre.

An incoming photon ray is characterized by horizontal andic&@ offsetsu, v and
divergences/, v’ defined in the coordinate system of the centre ray, whichteted
by the incident angle.. So a rotation byy gives a point on the incoming rayin the

toroid system in first orders of, v, v, v":
cosae 0 —sina U u
a= 0 1 0 . v |+ v ANER (36)
sinae 0 cos« 0 1

The point7 where the ray hits the toroid is calculated fram= @ and solving for
A, ¢, 0. Eq.34 then provides the normal vector. The solutions ihdirder are

0 —1 _
,,7( ; ) ﬁ( v/Q ) with ¢~ (37)
ufs u/(Rs) N

The direction unit vectok: of the incident ray is given by the last term in eq.36. In-

dices|| and L define its components parallel and orthogonal to the noramalf the
outgoing unit vector. Reflection then is described by

Fi=—Fk, ki=k — k=k-20 @) (38)
We get for the outgoing ray unit direction in first order
. cu' — s - s—cu’;r%u
_ / — ! 28
k(su}}+0) o k:(cfs;’gvéu) =
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A point of the reflected vector is given = 7+ A in the toroid coordinate system.
The outgoing system is rotated by the angle, so another rotation has to applied,
giving

(- '+ R
A IR N W - (40)
iu 1

Finally, the offsets and angles in the outgoing system afi@etkin the plane at the
toroid origin and orthogonal to the outgoing centre ray, \ve get them from solving
for X settinga,, . = 0:

2 2s
7 = — v = — / _— 0 pr— T4 pr— / _— — 41
U u U u + Rt V=v U =v Qv 41
or, combined ir2 x 2 transfer matrices:

i=( 3 0)a b= ke b)e @2)
Rsina -1 - Q
So the toroid is focusing in both dimensions with focal ldrsgt
Rsin« Q
= 43
fe 2 Ty 2sin « (43)

It is also worth to note, that the horizontal acceptance afraid of lengthZ (in z-
direction) is limited by

Al = |u]cota <

N b

S— (44)
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