Proceedings of DIPAC09, Basel, Switzerland TUPB44

ONTHELIMITATIONSOF LONGITUDINAL PHASE SPACE
MEASUREMENTSUSING A TRANSVERSE DEFLECTING STRUCTURE
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Abstract GENERIC BEAMLINE LAYOUT

High-brightness electron bunches with low energy An experimental layout for sliced beam parameter mea-
spread, small emittance and high peak currents are the basfisements is presented schematically in Fig. 1. The en-
for the operation of high-gain Free-Electron Lasers (FELs}ire beamline is equipped with quadrupole magnets to en-
As only part of the longitudinally compressed bunches corgure the required optics for standard machine operation as
tributes to the lasing process, time-resolved measuremettell as for dedicated sliced beam parameter measurements.
of the bunch parameters are essential for the optimisatidr®r operation without affecting the entire bunch train, e.g
and operation of the FEL. Transverse deflecting structur@inch profile measurements, a fast kicker can be used to
(TDS) have been proven to be powerful tools for timepick out individual bunches for off-axis screen operation.
resolved measurements. Operated in combination withTde magnetic energy spectrometer consists of at least one
magnetic energy spectrometer, the measurements of ##igole magnet, followed by a drift section for building up
longitudinal phase space can be accomplished. Especiaflispersion.
in case of ultra-short electron bunches with high peak cur- Further requirements are imaging screens, e.g. OTR-
rents for which a time resolution on the orden6ffs would ~ screens or scintillators, and optical camera systems govi
be desireable, both the TDS and magnetic energy spdbg high spatial resolutions.
trometer have intrinsic limitations on the attainable teso

tion. In this paper, we discuss the fundamental limitations ACCELERATOR OPTICS
on both the time and energy resolution, and the relation be- ) . ] )
tween them. In order to obtain desired timend energy resolutions,

the accelerator optics has to be designed and adapted ac-
cording to the following considerations.
INTRODUCTION In linear beam dynamics, the general transverse motion
of charged particles can be described as combination of
Recently developed Free-Electron Lasers for the gendretatron motion and dispersion trajectory. The deflection
ation of photons in the extreme ultraviolet and soft X-rayplane of the energy spectrometer is assumed to be in the
regime are based on an exponential gain of the radiatidwrizontal, e.g. the x-plane. The horizontal particle moti
power in a single pass through a long undulator magnet syis-then given by
tem. These high-gain FELs put stringent demands on the
electron bunch parameters. In order to initiate the lasing z(s) = z(s) + Da(s) - 6, (1)
process and to reach power saturation in reasonable undu- . . . .
lator lengths, a high charge density which is related to th¥ith the horizontal betatron motiany (s), horizontal dis-

peak current, a low energy spread, and a small emittancel€rsion functionD, (s), and relative momentum deviation
mandatory. 0. After passing the magnetic energy spectrometer, the

. horizontal rms beam size at screen locatigrcan be ex-
Projected measurements of the electron bunch parame- 5

ters are not sufficient to understand and to control thegasi®"€Ssed by = /o2, + D7 -o5. In order to achieve
process. For this reason, sliced electron bunch measugsergy resolutions on the orderaf, the beam size due to
ments are essential, which can be accomplished by Trarglispersion and energy spread has to be larger than the nat-
verse Deflecting Structures (TDS). In combination with alral rms beam size,, = /¢, - 3,. This condition yields
magnetic energy spectrometer, the longitudinal phaseespac
can be investigated. D, (s1) 05 > \Ve€x " Pu(51), 2)

In order to get the most information concerning the las-
ing process, the measurements may be carried out in frof
of the undulators. This is very challenging since the eledion Gz

gh the horizontal geometric emittaneg and beta func-
The reachable energy resolution is then given by

tron bunches are, in particular in front of the undulators, \/—
very short with bunch lengths in the femtosecond range and 05 > ez - V/Bx(51) . (3)
peak currents on the order of kiloampere. Dy (s1)

1The time resolution expresses the resolution of the lodgial coor-
* christopher.behrens@desy.de dinate¢ within the bunch. The relation is given by= ¢/c.
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Figure 1. Beamline layout for dedicated sliced beam paranméasurements and investigations of the longitudinag@ha
space. The different components are labelled and assignealdurs. The electron beam direction is indicated by the
arrow (from right to left).

For using a TDS in combination with a magnetic energgtudies of the particle dynamics within the TDS reveal ad-
spectrometer, the deflection induced by the TDS has to loitional resolution limitations.
in the vertical. In case of a LOLA-type TDS [3], the parti- The physics of RF deflectors originates from the
cle motion is given by [1, 2] Panofsky-Wenzel theorem [4], which makes a general
sin() statement of the transverse momentum gained by fast par-
y(s) = yp(s) + Sy(s) - (g + 7> , (4) ticles moving through RF fields. The theorem states

k - cos(P)
L
with the streak or shear function AF) = (E) / (—)V 1 E.dz, 9)
0

S,(s) = VBE0)B(E) - sin(Ad,) - 28 cos(w), (5)

and it follows that transverse deflection is only possible

and the internal longitudinal bunch coordingteThe pa- if a transverse gradient of the longitudinal electric field

rametersV, and k denote the deflecting voltage and the" L £ IS present. FronV, I, # 0 follows the existence

wavenumber. The beam energy is givenBy~ pc, and a longitudinal accelerating fiel&,. In case of uniform

A®, is the vertical phase advance from locationto s deflection over the whole aperture, i.e. abberation-fiee, i
) . .

The expression in (4) is valid for the approximation that th&°!lows that . depends linearly on the transverse coor-

TDS is considered as to be a drift section with an instant&inates. Assuming that the fielel. can be factorised by

neous deflection at the centre of the structure. In order fo=[ (3 1) - E=, 1 (x, y), the relative momentum gain within

avoid centroid deflections and achieve best resolution, tife! DS Of lengthZ can be expressed by

TDS is assumed to be operated near zero-crossing, i.e. the

L
RF phase is set t& =~ 0. Thereby, Eq. (4) is reduced to § = % = <_i/ E. ldz) B, . (10)
D pc Jo ' ’

y(s) = yp(s) +Sy(s) - ¢, (6)
which is of similar form as Eq. (1). In order to achieve aFor abberation-free deflection, this leads to additional en
longitudinal resolution on the order ot, the beam size at ergy spread. In case of the LOLA-type TDS for vertical

screen location, due to streaking with the TDS has to bedeflectlon, the longitudinal electric field is given by [3, 2]

larger than the natural beam size due to betatron motion. E.(z,y,2,t) = Eo kycos(¥(z,1)). (11)
This yields the condition

For zero-crossing operationV( =~ 0), the evaluation of

Sy(s1) - o¢ > /ey - By(s1). ()  Eq. (10) yields
eVok

By using Eq. (5) andl ~ 0, the attainable longitudinal 6= pz Y, (12)
resolution is then given by ] ] i )

with the equivalent deflecting voltadé = Ey,L. Using

o> Tys (51) _ Vey - pc 8 E: (6), the additional energy spread induced by the TDS
¢ S(s1) B(s0) - sin(Ad,) - eVok splits into two parts:
eVok eVok
TRANSVERSE DEFLECTING §= -yz + -5-C. (13)
STRUCTURE be be

The considerations in the previous section represent trTé‘e first part results in an rms energy spread given by

attainable resolutions for sliced beam parameter measure- eVok
ments in terms of linear beam dynamics. More detailed g8 = pe

SOy, (14)
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Figure 2: Left: Induced energy spread as a function of thgitadinal resolution. Dots indicate the results of simiolas
with the codeelegant; blue lines represent the expression in Eq. (16). Right: ivergergy spread along the bunch for
the cases in the left plot with the same colour codivig.20 MV (red),30 MV (orange), and0 MV (green).

whereas the second part corresponds to a linear energy cor- . . . .
relation along the bunch. By means of the shear functioﬂable 1. Simulation and Initial Gaussian Bunch Parame-

Eers: beam energf = 1 GeV, bunch lengtly; = 50 pum,
Initial energy spread = 1-10~*, normalised emittance
en,y = €,07, TDS wavenumbek ~ 60 m~* and length

in Eg. (5) and the vertical rms beam size in the TDS, th
induced energy spread can be expressed by

S(s L = 3.826 m.

o5 = ) e B, (15) m
V By(51)8y(s0)sin(AP) By Vo oc/e oc/e

With the longitudinal resolution introduced in Eq. (7), it ENy =2pm €y, =10 pm
follows € 10m 20 MV 29 fs 63 fs
750> SN 18)  20m  20MV  20fs 45 fs
Evaluating the second part of (13) with Eqg. (5) and the as- 28 m ;8 ﬁx 157) is g; i’s
sumption that the beta functigf, is almost constant in the 17 % 30 MV 15 fs 39 fs
TDS, yield em > g
yields 10m 40 MV 15 fs 32 fs
eVok\ 2
<O >~ L (7)o (17)

) ] sliced beam parameter measurements. In case of the
which gives the mean energy spread along the bunch. |l A type TDS, we have also shown that there exists a ba-
depends quadratically on the deflecting voltdgeand is  gjc relation between the attainable energy spread and time

not affected by the beta functig#,. In order to check rego|yution for longitudinal phase space measurements.
the relations in (16) and (17), simulations using the code

elegant [5] were performed. The simulation and Gaus-
sian bunch parameters are listed in Table 1. The quoted REFERENCES
beta functions represent the mean values within the TDf] Michael Rohrs et al., “Time-resolved electron beam sgha
According to the longitudinal resolutions:/c given in space tomography at a soft X-ray free-electron laser*, ac-
Table 1 and the expression (16), the TDS induces energy cepted for publication in Phys. Rev. ST Accel. Beams, 2009
spreads which are shown as dots in the left plot of Fig. 22] Michael Rohrs, “Investigations of the Phase Spaceribist
The lines are plotted according to (16) for a phase advance tion of Electron Bunches at the FLASH-Linac Using a Trans-
of A® = /2 and two different emittance values. For each  verse Deflecting Structure®, DESY-THESIS-2008-012, 2008
simulation point, also the mean energy spread is shown jg] 0. A. Altenmueller, R. R. Larsen, and G. A. Loew, “Investi
the right plot. Three combinations ¢f, and 1, give the gations of Traveling-Wave Separators for the Stanford Two-
same resolutions, but due the dependency in Eq. (17), dif- Mile Linear Accelerator”, SLAC-PUB-0017, 1963
ferent slopes of the mean energy spread along the bur|[qI]1 W. K. H. Panofsky and W. Wenzel, “Some Considerations
are generated. Concerning the Transverse Deflection of Charged Particles i
Radio-Frequency Fields”, Rev. Sci. Instrum., 27:967, 1956
CONCLUSIONS [5] M. Borland, “elegant: A Flexible SDDS-Compliant Code fo

Accelerator Simulation“, Advanced Photon Source LS-287,

We have presented the required optics conditions in or- 000

der to achieve a desired time and energy resolution for
03 Time Resolved Diagnostics and Synchronization

271



