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After a summary of previous work the final layout of the SLS-FEMTO
insertion is described covering magnet parameters, geometric layout
and matching conditions. Negative side-effects affecting transverse ac-
ceptance, beam lifetime and storage ring emittance are discussed as
well as flexibility and performance of the chosen scheme.

The relation between emittance increase and angle of separation be-
tween short pulse and core beam radiation is investigated in detail re-
vealing the guidelines for the optimum choice of parameters.



1 Summary of previouswork

In a previous paper from May 2002 [9] different separationesges for the SLS-
FEMTO insertion were discussed: The available options vgegaration in the
vertical plane exploiting the smaller vertical beam sizenothe horizontal plane,
using a stronger chicane; further the separation could he dpatially with a point
to point X-ray optics for imaging the separated beams to xpement, or angular
without any optics just letting the beams drift away fromleather.

e Vertical angular separation was rejected immediately, since the separation

required to get the satellite beam out of the core photon Isesige lobes
would spoil completely the vertical emittance.

e Vertical spatial separation was favoured for quite a while [4], however even-

tually it was rejected for several problems, above all thatsolution was
found how to block or guide out the modulator beam. Furtherféasibility
of the X-ray optics required for imaging on micron scales waisproven.

e Horizontal angular separation turned out to be the most promising scheme.

First simulations of the photon beams indicated that thellgas could be
well extracted from the core beam. Also the problem of madulaeam
blocking was solvable. Main side-effect was almost doupbhthe storage
ring emittance.

e Horizontal spatial separation had not been treated but was considered as

promising too, since the X-ray optics for imaging would worklarger scales
and thus be less sensitive to imperfections of the mirrors.

Since then work progressed further on photon beam simuaktimagnet and vac-
uum chamber designs and electron beam dynamics:

e Originally, it was planned to use energy separation, i.pl@kthe character-
istics of the undulator spectrum and use the satellite bedampmsitive en-
ergy offset, which would have required to build the modulaticane point-
ing to the inside of the storage ring. Recent calculatiohsii®wed, that the
background from modulator, chicane dipoles and ring benpdiagnets can
be better suppressed with the chicane pointing to the aytaith it using the
negative satellite.

e Also technological and geometric considerations werevndaof a chicane
to the outside of the ring: Coupling in the laser and blockimg modulator
beam or even guiding it out would be much easier.

e The modulator design was changed in favour of lower field angelr period.
As will be explained below, this gives less ring emittancar@ase of approx.
40 % instead of almost 100 % as before. Since the number afgsis given,
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more length had to be reserved for the modulator. The latestiderations
are based on a hybrid type undulator. An alternative salutrould include
a superconducting device with first and second chicane niaggporated,
whereas the hybrid type will be bracketed by conventionalaste magnets.

e The original plan to allow soft switching between normad.(ichicane switched
off, straight path) and FEMTO mode turned out to be inconipativith the
choice of a hybrid type wiggler:

1. The construction of a vacuum chamber accomodating beantmth ge-
ometries, either as a crotched chamber or as a wide open enaimiposed
serious technological problems due to the narrow gap dlai[&].

2. Due to the large period length, the residual field of thiy fophened wiggler
seen by the beam in normal mode is still considerable, iig nibt possible to
open the wiggler wide enough [5]. Furthermore, since therbeauld pass
the horizontal field roll-off on a slanting path, it will befatted in a hardly
predictable way.

e A horizontal, pure spatial separation was searched in Hatettwould allow
to reduce the chicane size and with it the emittance increbissvever no
solution was found. Furthermore, possible problems wighXkray imaging
optics could still not be ruled out even at larger scales thawertical spatial
separation [3].

e The halo problem was investigated [10]. The results do rietathe layout of
the insertion but the maximum laser repetition rate and wite integrated
brightness of the FEMTO beamline.

As a consequence of these considerations, a decision was fovathe horizontal
angular separation scenario and for a non-switchable, lamually unmountable
modification of the storage ring.

This paper describes the final design and tries to give a ptbat probably
nothing better can be realized given the constraints we ag8e.S.

2 Description of layout

As previously documented [9], the FEMTO insertion will bestialled in straight
5L of the SLS storage ring. It consists of a modulator wiggleprent to the short
pulse laser beam in order to achieve energy modulation oéligwetrons in a thin
slice of the bunch. The modulator is bracketed by a magnéiicane to trans-
late the energy modulation of the beam slices into a trassveeparation through
dispersion. In a radiator undulator, the core beam and ttedligss radiate in the
X-ray regime. The satellites’ radiation leaves the undulatith an inclination an-
gle relative to the beam axis, which is sufficient to allowdsimg of the core beam
radiation downstream in the beamline and with it clean eitva of the short pulse
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X-ray signal. An additional quadrupole triplet locatedween modulator and radi-
ator creates a sharp focus in the radiator and further peswite necessary degrees
of freedom to maintain constraints on betatron phase fasguwation of dynamic
aperture. Two existing doubletts at the ends of the straigte partially modified
to meet the increased requirements on focussing strength.

The chicane/modulator section will be made exchangabla &iraight, empty
section within a few days, allowing changing between norared FEMTO ge-
ometry during a shutdown week. If it turns out, that the maetgan be handled
reasonably well in FEMTO mode, and if the unavoidable siifiects are accepted
by the non-FEMTO users, the modification may become perntanen

Figure 1 shows the optics of the FEMTO insertion in the SL®agfe ring and
the figure above table 1 shows the layout.

2.1 Magnets
2.1.1 Changesof ring quadrupoles

The storage ring quadrupole at the radiator si@d4 05, which is of typeQA with
20 cm length is replaced by @B type with 32 cm length to provide the required
focusing strength.

2.1.2 Thetriplet

The triplet quadrupoles are of same type than the other uagligupoles. Basically
they could have smaller apertures, but it will be the safezaper and faster solution
to use the already well-proven design of the ring quadrigiolstead of developing
something new. The triplet qua@T1/ 2/ 3 will be of type QBW QCW QAWwith
44/32/20 cm length and wide yokes for guiding out the modulaeam. QAW
however requires a modification since the width of its yokessifficient. Probably
a new magnet has to be built using the wider iron shee@®¥type for the yoke
and installing th&QAWCcoills.

2.1.3 Insertion devices

The radiator undulatddl9 is an in-vacuum device similar to the operatio24 in
straight6S. It has 95 periods of 19 mm length, an effective field of abo8desla
and a minimum full gap of 5 mm|[6].

The modulator wiggleY.35 probably will be a hybrid device with 17 periods
of 135 mm, a peak [effective] field of 1.90 [1.82] Tesla and k fiuagnet gap of
11 mm, allowing for a vacuum chamber gap of 8 mm (see sect.d3.&hé con-
straints on wiggler parameters).
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Figure 1. Beam optics of the SLS FEMTO insertion in straight of the SLS
storage ring.

2.1.4 Chicanedipoles

The three chicane bending magnets are of conventional tytheawnoderate field
strength. The second chicane magBieC2 is comparable to the ring bending mag-
net typeBE. All the three magnets are assumed to be rectangular amedlfzarallel
to the5L-axis.

Here are the data of the chicane magnets and a ring TBA entedgpacompar-
ison (a positive angle deflects the beam to the ring outsielethe ring arc dipoles
are negative by definition!):

Name field [T] arclength[mm] anglg] edgeinf] edge outf]

BFC1 1.374 240 2.3620 0.0000 2.3620
BFC2 1.364 760 -7.425 -2.362 -5.063
BFC3 1.359 520 5.063 5.063 0.0000

BE 1.400 800 -8.000 -4.000 -4.000



2.1.5 Distances

The distance between triplet and radiator was maximize@doomodation of the
rather bulky modulator absorber. Maximum length was atled¢dor the modulator
in order to increase its length to allow longer periods, angtdecrease its field
strength & sec.3.3, eq.10). The distances achieved are listed in1able

2.2 Matching conditions

Preservation of dynamic aperture requires, that all chengehe lattice are en-
closed between the sextupokBl MA- SLB- 04/ 05, and that the additional beta-
tron phase advances introduced by the FEMTO optics amowxactly Ay, = 0,
Ap, = 7 (“m-trick”). Thus no sextupole “sees” anything from the ingmrtand
dynamic aperture is not affected.

Six of seven degrees of freedom (d.o.f.) provided by theguradrupole€). G
04/ 05, Q.H 04/ 05 andthe new tripleQFC1/ 2/ 3 are consumed to control the
quantitiess,, o, 3,, o, at the end of the line for maintaining the ring periodicity
and for shifting the tune advances, which &€, = 0.3383, AQ, = 0.3474 for
the empty straight, ta\@), = 0.3383, AQ, = 0.8474 in order to acquire exactly
the 7-shift in vertical betatron phase and nothing horizontally

The seventh d.o.f. is free and preliminarily used for adipgsty, = 0 in the
center of the radiator to obtain the lowektat its edges.

2.3 Restriction of transver se Acceptances
2.3.1 Physical acceptance

The vertical beta at the in-vacuum undulator edges was nuemhto s, = 2.3 m

by adjustingy, = 0 in the undulator centre, reasonably close to the optimunneval
of 3, = 1.805 m (= undulator length), which was out of reach. A minimum full gap
of 5 mm inU19 thus restricts the vertical acceptance to 2.7 -rah which is not
much less than the present (April 2003) value of 3.1-ranh(theoretical value, not
yet confirmed by measurements), determined by the wigifiérvacuum chamber
(5 mm inner height, 2 m lengti, = 0.9 m in the center).

However, the limiting aperture is given by the modulator,gapce the vertical
beta function is larger there. The narrow gap of the modulaouum chamber has
to extend beyond the edges of the magnet array. Assuminguauragap length
of 2.5 m (i.e. extending- 102.5 mm beyond the wiggler edges) and a full vacuum
gap height of 8 mm (magnetic gap 11 mm), the vertical acceptarestricted to
2.05 mmrad (3, = 7.82 m at entrance edge, see fig. 1) in FEMTO mode, resp. to
1.59 mmrad (3, = 10.06 m at entrance edge, see fig. 2) in normal operation, i.e.
FEMTO optics switched off but not unmounted.



Modulator BFC2 QFT1 QFT3 Radiator QLG-05

QLG-04 BFCT BFC3 qFTo

Table 1: Geometry data of FEMTO insertion elements

Location Path[mm] X[mm] Y [mm] Angleq]
mid SLB-04 0.0 0.0 0.0 0.0000
in  QLG-04 540.0 540.0 0.0 0.0000
out QLG-04 980.0 980.0 0.0 0.0000
in  QLH-04 1340.0 1340.0 0.0 0.0000
out QLH-04 1540.0 1540.0 0.0 0.0000
in BFC1 2230.0 2230.0 0.0 0.0000
out BFC1 2470.0 2469.9 4.9 2.3620
in  W135 2630.0 2629.8 11.5 2.3620
out W135 5130.0 5127.7 114.6 2.3620
in BFC2 5290.0 5287.5 121.2 2.3620
out BFC2 6050.0 6046.8 103.3  -5.0630
in BFC3 6960.0 6953.2 23.0 -5.0630
out BFC3 7480.0 7472.6 0.0 0.0000
in  QFT1 7957.4  7950.0 0.0 0.0000
out QFT1 8277.4 8270.0 0.0 0.0000
in  QFT2 8627.4  8620.0 0.0 0.0000
out QFT2 9067.4  9060.0 0.0 0.0000
in  QFT3 9417.4  9410.0 0.0 0.0000
out QFT3 9617.4 9610.0 0.0 0.0000
in U19 10741.9 107345 0.0 0.0000
mid U19 11653.9 11646.5 0.0 0.0000
out U19 12565.9 12558.5 0.0 0.0000
in  QLH-05* 13187.4 13180.0 0.0 0.0000
out QLH-05* 13507.4 13500.0 0.0 0.0000
in  QLG-05 13867.4 13860.0 0.0 0.0000
out QLG-05 14307.4 14300.0 0.0 0.0000
mid SLB-05 14847.4 14840.0 0.0 0.0000




2.3.2 Impact on beam lifetime

Elastic scattering lifetime scales with the vertical acaape. Presently (April
2003) the beam lifetime at 300 mA (in 390 buckets) amountspifrax. 11 h.
Presumably, this is composed from 30 h elastic scatteri@), Bremsstrahlung and
27 h Touschek (third harmonic cavity in operation).

In normal optics mode the modulator gap would halve the ielasattering life-
time and thus reduce the total lifetime to 9 h. Of course, ummiag the insertion
and opening the radiator would avoid lifetime reduction.

In FEMTO mode bunch lengthening is not desired at all andhhd harmonic
cavity would be switched off or even operated in anti-ph&gghout bunch length-
ening, Touschek lifetime becomes a third of its value, wtiilemodulator chamber
reduces elastic scattering lifetime to 19 h, giving a tafatime of 4 h. This value
would reduce further, if the bunches are compressed. Thim&es do not include
increase of Touschek lifetime due to emittance blowup frboane and modulator.

Narrow gaps may potentially reduce Touschek lifetime duéosses from a
[coupled] halo, however simulations done for the presettit&aconfiguration did
not show any reductions for acceptance restrictions dovinltanmrad (i.e. 3 mm
full gap of 2 m length in a short straight) [11].

After all, the lifetime reduction seems to be acceptableyvway, top-up injec-
tion makes operation largely independant of lifetime. Hesvancreased particle
losses still enhance the background radiation.

2.3.3 Regected alternatives providing larger acceptance

Alternative layouts providing larger vertical acceptamexe been considered but
did not succeed:

e The modulator could be an electromagnetic supercondudenge, which,
at this low field, could have a wide gap of approx 20 mm, all@nénwarm
bore, a massive, simple and robust vacuum chamber. Thishgrarvould
allow a sufficient vertical aperture to avoid any lifetimeeteration, and a
wide horizontal aperture to accomodate the beam orbitsdtr bormal and
FEMTO modes, thus allowing soft switching between the mdmesimply
pressing a button. However experience with such devicether places were
not generally positive, further the device is expensivevaadid require a de-
tailed design study which is not compatible with the desime@ schedule [5].

e The chicane as shown in fig.1 and in table 1 could be invertedkT3 and
BFT2 bends would be upstreaBFT1 downstream the modulator. This re-
quired increase of dipole fields by 12 % to 1.55 T (feasibl@fttain the same
satellite beam separation as before. Since this layout snthvee modulator
closer to the centre of the straight, where the verticalfbatdion is lower, the



acceptance restriction would be 5.4 mad in FEMTO, resp. 2.57 mirad

in normal mode. However this inverted chicane does not peogufficient
horizontal separation of the modulator beam from the stbesin axis and
thus does not allow to install an absorber between tripldtradiator [7].

2.3.4 Dynamic acceptance

Previous calculations [8] have proven, that there is oritielidegradation of the
machine’s dynamic aperture due to the FEMTO insertion. &lvafculations were
done for the old concept of vertical spatial separation,éw@wthe insertion devices
to be used are basically the same in all schemes. For the atodelven a much
stronger device with correspondingly steeper field rollhaid been assumed. The
results of this study probably still apply. However, anotb&culation should con-
firm that, once the design of the modulator wiggler includmgltipole contents
and field roll-off is known.

2.4 Impact on stored beam parameters

All storage ring radiation equilibrium beam parametease affected by the inser-
tion :

Natural emittance 5.03 ninad —  7.34 nmrad
Momentum compaction 6.68)~* —  6.141074

Working point 20.38/8.16 — 20.38/8.66
Chromaticities —65.9/-20.8 — —66.2/-22.2
Energy loss/turn 512 keV — 570 keV

Damping times:/y/6  9.05/9.01/4.49ms — 8.13/8.10/4.04 ms
Circumference 288'000.0 mm — 288'007.4 mm

= Afrp = —13 kHz

Most prominent side-effect is the increase of emittanceckis mainly due to
the strong modulator wiggler located in a dispersive regitiihe modulator is fully
opened (i.e. switched off), the emittance increases toinbad only, which is the
contribution from the chicane magnets alone. Emittancé&isally not affected by
the radiator (see sect.3.2 for a detailed analysis and #s®ne why this side-effect
is unavoidable).

The small increase of chromaticities is easily compendagebe ring sextupole
families SF, SD without affecting the dynamic aperture. The required iasgein
integrated sextupole strength for moving the chromagisito(+1/ + 1) is
(b3 - L)gp = 4.248 —4.306 m~2, (b3 - L)sp = —3.950 ——4.162 m~2,

1The values quoted here are based on an idealized storagmaoitgl with hard edge magnets

and ideal magnet lengthes, and agree only on a 5 % level witles@btained from measurements
or more detailed models.




The energy loss per turn is higher due to radiation from c¢tecdipoles and
modulator (the modulator wiggler emits a 12 kW X-ray beam4@® mA beam
current]!). This leads to shorter damping times, which isempant side-effect.

Longer path length due to the excursion in the chicane (d8e 13 decreases
the radio-frequency significantly and requires retuninthef2 kHz bandwidth lim-
ited BPM electronics.

25 Flexibility
2.5.1 Tuningrange

The FEMTO optics is taylored to the D2R-optics mode which $a&inely runs
since commissioning. The design working poin20f38 /8.16 is moved td0.38/8.66.
The operational range of tune variationf+0.1/ £+ 0.1 is still available: Tune
variation to empirically find the best conditions concegninjection efficiency and
lifetime is done by grouping all horizontally and all vedldocussing quadrupoles
into two sets and scaling them by a sensitivity matrix olgeifrom simulations.
This procedure of course affects previously defined phasaraes, but only to
small amounts and in a smooth way and thus does not affechdgragpertures. In
simulation, the same method was proven to work well with t&8FO insertion
too. The tune changes in the FEMTO line are approximatelpgmtnal to the
total tune change requested. Thus operational flexibgifyrovided.

2.5.2 Intermediate operation modes

Flexibility to work with incomplete FEMTO operation is shavin figure 2: It is
possible to set the lattice to the original tunes, introdga very small asymmetry
in the betafunctions caused by a shift of focal plan€lird- 05 corresponding to
increase of its length to one side by exchanging it for a langee. In an intermedi-
ate mode (year 2004), straighit. will run for ©XAS experiments using core beam
radiation fromU19 while modulator and chicane are not yet installed. For accep
tance requirements it will be necessary already then, foghithe working point

in order to obtain a vertical focus in the undulator and witlowest betafunctions
at the edges.

2.5.3 Restriction on optics modes

The FEMTO insertion however doe®t work for the D1 optics with dispersive
straight sections for minimum emittance, since the adagticonstraints for disper-
sion matching, ") are not covered by the available d.o.f.s.
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Figure 2: Normal operation with radiator opened (top) artdrimediate operation
with radiator closed but modulator and chicane not yet Ilestar temporarily re-
moved (bottom). . solid, 3, dashed).
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2.6 Performance

Assuming a laser providing an energy modulation ®Mev absolute or 5.403
relative, the satellite beams at the radiator center wikéearated in position and
angle by

+2; = —2.22mm +2) = —0.53 mrad

At a location 15 m downstream the corresponding photon b@anves atF10 mm
displacement. Thus a blade 7 mm off-axis blocks the core p#@positive satel-
lite beam, the radiation from ring dipoles, modulator antt@he and extracts al-
most all the radiation from the negative satellite beam.

The integrated brightness of the system depends on thegkdficiency, which
amounts to 4.30* (see [9], sec.2.2.3) and on the laser repetition rate wiich,
order to avoid any halo background, is restricted£e200 Hz when working with
M bunches and80/M ns shutters or gates [10], wheté¢ ~ 8 seems feasibfe
Thus the brightness in FEMTO-mode is smaller compared tat¢insal mode by
a factor composed from slicing efficiency and the ratio oktagpetition rate to
revolution frequency, its value given by -10~8.

3 How beam separation is connected with emittance increase

3.1 Beam separation

The dispersion at the modulator center considered as twcafilaser interaction
(actually the interaction extends over all the modulategiven by

Mo = p1- (1 — COs gbl) + lené 772 = sin ¢1 (1)

with ¢1, p; deflection angle and radius of the first chicane bending nmagrd.,,
the distance between its exit edge and the modulator céiterbetatron amplitude
of the satellite beams generated by laser induced energygeka at the modulator
center is invariant between bends (neglecting small dsspenariations due to the
wiggler poles) and thus at any location inside the modulgiteen by

H, -6 with H =~n?+ 2amy + B> 2)

The transformation from modulator center (“0”) to radiatenter (“1”) is given
by a3 x 3 matrix M, which has the property to close the dispersion bump by means
of the second and third chicane magnets:

c S D Mo 0 B ,
v=|o s | wmfgl=|o] = HZTmCwY
0 0 1 1 1 = T T o

°These calculations however were rather pessimistic simg did not include the acceptance
limitations of the beamline which may help to suppress ttekgeound significantly.
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Considering particles of some energy deviatddand negligible transverse coordi-
nates, we can show, that the satellite beams@airblown up due to dispersion, they
just receive an offsét

x No0’ Db c S Mo ) 0
¢ | =M| 0 |=| D§ |==+ c s 7, 6+ 0
) 1 &

) 5+ §+6

The submatrix for betatron motion is expressed convenjiditllocal normaliza-
tions and a rotation about the betatron phase adwance

c S\ _ cos® sind . (1B O
<C” S')_T11'<—sin<b cos®>'T° with T_<a/\/3 \/B)

Using T, the dispersion of the sliced beams can be normalized toraasignitial
betatron phas# to the satellite beams:

/
T, < :)7, )0 = \/H>w ( Z?ﬁg ) with ¥ = 7 + arctan <0zo +ﬁon—z>
The offset ofr in W is due to the fact, that the laser interaction changesriérgy of
the particles and with it the center of further betatron wotivhereas the transverse
position itself isnot changed.
Propagating further to the radiator center requires rarety ® and backtrans-
formation7; ! and finally gives for the separation of the satellites

i(ff’)l:(g’)lg:@'g'(—ﬁﬁ 1/%)1(2?555:;)) (3)
3.1.1 Approximations

Considering the particular situation for SLS-FEMTO whishrather constrained,
we may introduce several approximations to better undeigt@w the separation
of the beams is optimized.

For the kind of optics we consider, it turns out, tfidt — &) ~ =. Thus eq.3
simplifies to

A 0
1 ~0 +ao~—\/H,) —
' ! NED

This explains why attempts to design a pure spatial separatheme with large
+z, andz| =~ 0 did not succeed. We may simplify further assuming a kind of
virtual focus in distancd.* upstream the radiator centre (shown by the dotted line

in fig.1):
ot =0 g" = b

1+ad
3This was wrong in [9], sections 2.2.4 and 4.1.3

L* = _alﬁ*v
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for * < L* eventually arriving at the approximate expression

H, -
+1h ~ [ =25 (4)
1 B*
This is still not the end, since a large beta-function in treoiator made the third
term in eq.2 dominate (contributes80 %), thus using eq.1 angl < 1 we further
simplify to
j:{[’ll =~ ¢15 %.
This result still agrees on a 20 % level with the exact calouteof eq.3 and reveals
the means how to optimize the angle of separation:

¢ large angle of the first chicane magnet,
e obviously a strong laser,
¢ large horizontal beam size in the modulator,

e sharp virtual focus inside the triplet.

3.2 Wiggler emittance contributions

A wiggler in a dispersive section changes (increases oredses) the total emit-
tance by a factor [1]
e 1t

= v ()

_ I
g 142
2

with ¢, ¢, the emittance with and without wiggler, whetgis given by

72]0
£, = 3.84-10~* [nm-rad] =2 (6)
J IS
and the synchrotron integrals given by
1 H
12:j§—2ds L:,:j{—gds, %
p 07|

where superscripts andw in eq.5 indicate that the integrals are to be taken over
only the bending magnets, resp. over only the wiggler.

For SLS at 2.4 GeV with 1.4 T bending field tuned to the stantia&R” optics
providinge, = 5.03 nmrad, the ring integrals are given by,(~ 1 since the bends
have no gradients)

I9=1.0965m"  I2=6.5106-10"*m™!

The variation of thef/-function inside the wiggler is negligible compared to its
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Figure 3: Emittance increase in SLS due to modulator wigagea function of wig-
gler peak field for different forms of field variation, chieamagnets’ contribution
not included.

value created by the first chicane magnet, thus it is treat@dcanstant/,, and the
wiggler integrals give

1 B\’ 1 B\* full
IY= | 1/2 |-Ly, <B—) , I=1|2/m |-L,H, <B—) for | sine | poles
1/2 p 1/2 p half

as sketched in fig.3 (left). With the chicane as describeg@poovidingH,, = 0.0186 m-rad
and assuming a wiggler of length 2.3 m (£70.135 m), the resulting emittance in-
crease as a function of wiggler peak figiis plotted in fig.3 (right). This does

not include contributions from the chicane magnets whicloam to Ac picane ~

0.5 nmrad. The final wiggler design has not yet been chosen. Witrak field of

about 1.9 Tesla and a most likely tapezoidal field variatibiciwwould give slightly

larger integrals than the sinusoidal field, we thus have pzeixan emittance,, of

7...8 nmrad.

Examining the range of numbers for SLS-FEMTO, it turns oat fff is less than
10 % of I3, and eq.5 can be simplified to estimate the relative increbsmittance:
Ae, IY

~ =k fLoH,B® with k:= (Bp)*I¢ ~ 3T°m? forSLS  (9)
Eo 5

and f the formfactor for/}’ depending on the field shape as given in eq.8.

3.3 Constraintson thewiggler[5]

The laser for slicing will operate at 800 nm wavelength an@d @ulse duration
(FWHM) of 50 fs which corresponds to 18 optical cycles. Théspienergy re-
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quirement of about 5 mJ is the most challenging constraidtpanhibits to go to
lower wavelength. This defines the wiggler parameters:
First, the laser has to be resonant with the wiggler:

Mo K? _ .
A, = D (1 + 7“’) . owith K, = ——\,B

- 272 2TmyC
for a sinuisodal field shape. Sinég, > 1 in case of a wiggler, we may write

dTtm,cy

2
A B2 a2 AL ( ) ~ 0.008 m*T? for SLS-FEMTO (10)
Second, the number of wiggler periodg, should equal the number of optical
cycles to obtain full modulation of the electron beam.

Ny = Ly/My = 18 for SLS-FEMTO

In order to keep the peak field as low as possible to limit endé increase
according to eq.9, the period should be as long as possies\er is limited by
the available length for the modulator, since the numbereoiodls is given. Thus
the wiggler dimensioning will rather proceed the other wayrd: Take all available
space, divide it byx 18 to get the period and set the peak field according to eq.10.
In this way, the initial design of a 2.5 T wiggler with 110 mnripels was changed
to a 1.9 T wiggler with 135 mm periods.

Coming back to eq.9 we insert eg.4 to eliminatg and get, assuming a sinusoidal

field shape,
Ay ~ 2Ak: - L,B% . 5 a?

€o o2
The wiggler was already optimized for lowest peak field, astoeed above. A
certain value of angular separation is required to extrectatellite radiation. The
triplet focusing to provide lows* reaches limits due to the requirement to keep the
horizontal phase advance constant over the insertion. Tilse gnergy of the slice
laser would be the most efficient parameter to lower the anttt increase (provid-
ing a higher value of allowing to scale down the chicane), however the proposed
values are already at the edge of technology.

Thus,the increase of emittance can not be avoided.

Inserting some reasonable numbers as

6=054%  L,=23m B=19T g*=15m 2/ =0.5mrad
a 30...40 % emittance increase from the wiggler has to beptede Another
~10 % come from the chicane magnets.
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A Final Geometry and Opticsof the SLSFEMTO Insertion

Addendum to SLS-TME-TA-2003-0223 from May* 12003
Andreas Streun, June 172004

A.1 Erratum

In SLS-TME-TA-2003-0222/0223 the sign of dispersion wasng everywhere.
Dispersion defined as/(AFE/E) is negative, if the particles witHower energy are
travelling at the ringoutside, as it is the case in the FEMTO chicane, whereas it is
positive in the arcs. As a consequence, the FEMTO satellite positive energy
modulation is the one, which emits its light to the ring odésand along the FEMTO
beamline. All numbers are still correct in absolute valug, dl signs have to be
changed.

A.2 Changes of layout

During the engineering process of the FEMTO insertion [biBz, A.Keller], some
technical limitations led to modifications of the final desig

The quadrupole QLH-05 was shifted downstream by 100 mm,réuliscing the
distance to QLG-05 from 360 mm to only 260 mm. This restribes targin for
matching the optics and increases the current of the qualirsip

The first chicane magnet BFC1 was increased in length fronm#i@ 320 mm
for reasons of field homogeneity. Subsequently, the chigaoenetry was slightly
changed and the angles of BFC2 and BFC 3 had to be adjusted:

Name field [T] arclength [mm] anglg] edgeinf] edge outf{]

BFC1 1.031 320.0 2.3620 0.0000 2.3620
BFC2  1.359 753.7 -7.3462 -2.362 -4.9842
BFC3 1.359 512.1 4.9842 4.9842 0.0000

Table 2 gives the final geometry (compare with table 1).

A.3 FEMTO optics modes

For the optics, two modes with different advantages weradoand named F6C1
and F6C2. The optical functions are shown in figure 4 (top)mpare to figure 1.

The most important parameters of the two modes and of theque¥4C mode
are compared in the following table:
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Optics mode FAC | F6C1| F6C2
Spatial beam separation Az [mm] 220 | 219 | 2.13
Angular beam separation Az’ [mrad] 053 | 046 | 0.51
Vert. acc. restriction from Mod. Afyn"d [Mm mrad]|| 2.00 | 2.12 | 1.98
Vert. acc. restriction from Rad A;ad [Mmmrad] || 2.51 | 2.12 | 2.50

Maximum quadrupole current| Igr,c—_os5 [A] 110.0| 114.2| 117.0
Ring equilibrium emittance €20 [NM rad] 730 | 7.20 | 7.28
RF detuning for increased path A f,; [kHZz] -12.9| -125| -125

All data are for 2.4 GeV beam energy. Beam separation wasletéd forAE/E =
5.4-1073 energy modulation. Acceptance also includes a pipe/flamfremt of the
modulator of 100 mm length. Modulator and radiator have valtuum gaps of
8 mm, resp. 5 mm.

Optics F6C1 is better concerning vertical acceptance,igimy same restric-
tions from the modulator entry edge and the radiator exiteedg, # 0 in the
radiator center but small. The third triplet quadrupole Qkswitched off. Tunes,
alphas and betas were matched using the six remaining quadsu The maximum
guadrupole current is lower, but the beam separation islemal

Optics F6C2 provides better beam separation, but on expdreseather high
current in QLG-05. Now all seven quads were used with theteadil constraint
a, = 0in the radiator centres, at the modulator entrance edge is slightly larger,
leading to a reduced vertical acceptance.

The QLG-05 current close to the present 120 A highest opeyatlue of the
power supply calls for an upgrade of QLG-04/-05 to 140 A (asaay done for all
QSF, QMF and QLH supplies in view of future 2.7 GeV operatithHorvat)).
This also would allow FEMTO operation at 2.7 GeV with cursenf 133.3 A
(QLG-05), resp. 129.8 A (QLG-04).

As an intermediate setting before modulator installatitw, optics F6T was
calculated, similar to the presently operating FAT optics.

An optics without radiator and modulator taking back th@, = 0.5 tune shift,
was also established and named F60, although it probablyhexker be used. In
contrary to the corresponding F40 optics, it was necessapower slighly the
triplet quadrupoles for proper tune matching. Both opties shown in figure 4
(bottom).
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Figure 4: FEMTO optics

Top: Solutions F6C1 (dashed) and F6C2 (solid) for the beatitopf the SLS
FEMTO insertion in straighbL of the SLS storage ring.

Bottom: Solutions F6T (solid) and F60 (dashed) for the begtice of the 5L
straight before chicane installation, resp. for the empiight. For magnet names
see fig.1.
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Table 2: Geometry data of FEMTO insertion elements

Location Path[mm] X[mm] Y[mm] Angle{]
mid SLB-04 0.0 0.0 0.0 0.0000
in  QLG-04 540.0 540.0 0.0 0.0000
out QLG-04 980.0 980.0 0.0 0.0000
in  QLH-04 1340.0 1340.0 0.0 0.0000
out QLH-04 1540.0 1540.0 0.0 0.0000
in BFC1 2220.0 2220.0 0.0 0.0000
out BFC1 2540.0 2539.9 6.6 2.3620
in  W135 2630.0 2629.8 10.3 2.3620
out W135 5130.0 5127.7 113.3 2.3620
in BFC2 5290.0 5287.6 119.9 2.3620
out BFC2 6044.7 6041.6 102.7  -4.9842
in BFC3 6970.3 6963.6 22.3  -4.9842
out BFC3 7482.4  7475.1 0.0 0.0000
in  QFT1 7957.4  7950.0 0.0 0.0000
out QFT1 8277.4  8270.0 0.0 0.0000
in  QFT2 8627.4  8620.0 0.0 0.0000
out QFT2 9067.4  9060.0 0.0 0.0000
in  QFT3 9417.4  9410.0 0.0 0.0000
out QFT3 9617.4 9610.0 0.0 0.0000
in U19 10700.4 10693.0 0.0 0.0000
mid U19 11653.9 11646.5 0.0 0.0000
out U19 12607.4 12600.0 0.0 0.0000
in  QLH-05 13287.4 13280.0 0.0 0.0000
out QLH-05 13607.4 13600.0 0.0 0.0000
in  QLG-05 13867.4 13860.0 0.0 0.0000
out QLG-05 14307.4 14300.0 0.0 0.0000
mid SLB-05 14847.4 14840.0 0.0 0.0000
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