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Abstract imization of measured beam dispersion using corrector
magnets located in the undulator and upstream. We use

TTE superconducting lineaaccelerator at DESY is pre- (t;'\he Micado algorithm [5] to find a set of corrector strengths

sented. In order to achieve a high density electron bearfwcj} which minimize the beam dispersiqd; } observed at
- Hg BPMs

guadrupoles made of permanent magnets are integrate

into the undulator. Due to quadrupole misalignments (of Nowon N 2

less than 5Q:m), the spatial overlap of the photons being W= Z d: + Z Qe 1)

emitted and the electron bunch will be perturbed, limiting ' : Y

the interaction between each other and reducingtizéon

power amplification (or gain) of the FEL. whereNon andN..» are the number of monitors and cor-
The procedure described in this paper consists of megectors. The corrector matrix coefficieat; is the calcu-

suring the change of the orbit along the undulator and alsgted beam dispersion at BPMntroduced by correctoy.

at monitors upstream of the undulator for an electron beam linear transfer lines, the correction matrix is triangular,

energy change of about 20%. The orbit position and ane.,a;; = 0 for a correctorj located downstream BPH

gle at the entrance of the undulator are kept constant in or-The Micado algorithm uses the method of "best correc-

der to measure the dispersion created by quadrupole migrs” to search for a set of correctors strengths that mini-

alignments and field errors in the undulator. The dispemizesy (if Neorr < Nmon) OF make it zero (otherwise).

sion measured, which is independent of BPM offset errorgventually, a reduced set is obtained by either specifying

is corrected using horizontal and vertical corrector maghe maximum number of correctors to be used or giving a

nets (coils). Simulation results are presented, showing thafaximum value for).

a corrected orbit rms of 12m (averaged over f0random

seeds) can be achieved assuming an orbitmeasurementres- 3 THE TTE-FEL UNDULATOR

olution of about Jum rms.

i=1 =1

In the TTF-FEL phase I, an undulator of 14 m long [6]
1 INTRODUCTION will be installed at the end of the accelerator section of the
TTF. The TTF will provide a beam energy of 390 MeV with

The Free Electron Laser (FEL) of the TESLA Test Facilityfirst tests and a proof-of-principle experiment at 300 MeV.
(TTF) [1] is based on the principle of Self-Amplified Spon-The undulator is subdivided into modules of about 4.5 m
taneous Emission (SASE) [2, 3]. This process requireslangth. The undulator creates a sinusoidal field of 0.5 T
very high particle density of the electron bunch which ipeak value with a period of, = 27.3 mm. The focus-
achieved with small transverse beam emittances providésh structure of the FEL is provided with ten quadrupoles
by the TTF superconducting linac and smialiunctionsin  per module with alternating focusing gradients (FODO cell).
the undulator. The undulator of the TTF-FEL (with a 14 niThe quadrupoles aré)\, long with a gradient ofy =
length for phase 1) contains a superimposed FODO lattice2.5 Tm~! [7]. The length of the FODO cell is 3§
made of permanent quadrupole magnets. Quadrupole m{855.5 mm).
alignments deflect the electron beam, limiting its interac- For the correction of the electron orbita BPM and a cor-
tion with the photons being emitted and reducing the phaector magnet per quadrupole will be integrated into the
ton power amplification (or gain) of the FEL. Simulationvacuum chamber of the undulator. The undulator gap of
studies [4] indicate that the rms deviation of the electron2 mm constrains dramatically the geometry and design of
beam from a straight line has to be aroundid0 at least BPMs and correctors. The BPM block consists of two pairs
over the length of one undulator module (4.5 m). This if electrodes (or waveguides) and has a length of about
beyond the absolute precision of the Beam Position Mont0 cm. Correctors are made of four wires 30 cm long
tors (BPM). The procedure described in this paper consisighich can be powered independently to provide a horizon-
of measuring and minimizing the beam dispersion at thel or/and a vertical dipole field.
BPMs of the undulator.

4 CORRECTOR CONFIGURATION
2 DISPERSION MINIMIZATION . . . . )
Based on simulation results published in [8], the effi-

Quadrupole misalignments and undulator field errors deiency of dispersion minimization using Micado algorithm
flect the beam trajectory and introduce beam dispersiois. improved with one horizontal corrector every focusing
The method proposed in this paper is based on the miguadrupole and one vertical corrector every defocusing
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quadrupole (vertically focusing). The advantages over a 6 BEAM ERRORS

configuration with both vertical and horizontal corrector the simulati it ted above the b it
every quadrupole are: the corrected orbit rms is in averal g the simuation resuls presented above In€ beam position

30% smaller; the average corrector strength rms neede "%d dlspgr tS lon aret.zer(') attr:he;erltran(ée IO f 'the #ndtulgtork.] The
reduced by a factor two; finally, the minimization of dis- €am Oorbit correction in the Tirst module 1S aftected when

persion is obtained in only one iteration beam position offset and non zero dispersion are introduced

Simulations at 300 MeV including quadrupole positionm the simulation. An example of dispersion minimization

errors with a flat random distribution between -50 anéncludmga beam position offset of 0.5 mm at the entrance

. . of the undulator is shown in Fig. 2. The corrected orbit
50 um resultin a corrected orbit rms ofi8n (average over . . . - .
104 seeds). in the first module is affected by the initial beam position.

A similar effect occurs with non zero dispersion at the en-
trance of the undulator.

— 0.6 ¢

5 TOLERANCES ON BPM AND
sundulatot; /

UNDULATOR ERRORS Eoe b \/\ﬂ\% \

The BPM resolution and dipole field errors in the undula- © ¢ \ ,
tor have also been included in the simulation. The resolu- "~ ©

tion of the BPMs which will be installed in the undulator o foovo b0 b1, AN S
is expected to be aboutm. The accuracy of beam dis- " 0 Ty F
persion measurements depends on the BPM resolutionfigure 2: Beam orbit along the undulator before (dashed
well as on theA £ applied. Both magnitudes are varied inline) and after (full line) dispersion minimization in pres-
the simulation which results are shown in Fig. 1. Undulaence of a beam position offset of 0.5 mm at the entrance of
tor field errors are around B/B = 4 - 10~* rms. Dipole the undulator.

field errors with a Gaussian distribution are included in the

simulation. Shimming of undulator field errors has been One solution is to apply the dispersion minimization to

applied to the set of random dipole errors generated in tii8e beam line upstream of the undulator. However, the TTF
simulation. Both integrals beam line between the last acceleratingdule and the un-

dulator is very short and there is no physical space to place
nAu nAy s series of quadrupole-BPM-correctors.
/ B(s)ds  and / (/ B(2) dz) ds In this paper we have investigated a procedure to fix the
’ ’ ’ beam trajectory (both its position and angle) at the entrance
are evaluated over a certain numkeof period lengths of of the undulator during the change of beam energy in order
the undulator. Both integrals are compensated by addiig "mask” the incoming beam dispersion. Thus, the "dis-
dipole fields on both ends of the segment,. Both param- persion” observed at the undulator is only the dispersion
etersAB/B andn are varied in the simulations. Resultsoriginated in the undulator which is then minimized and

of corrected beam orbit rms are shown in Fig. 1. the orbit corrected. A minimum of two BPMs and two cor-
rectors are still needed at the beam line upstream of the
e 25 T 25 undulator.
220 /10% = 20
Z1s s 152, 7 THE COMPLETE METHOD

o
TR,

R E=30%

Non-zero beam dispersion at the entrance of the undula-
tor can be "masked” by fixing the beam position and the
RV SR I S I RN A angle of its trajectory, which changes (due to beam dis-
2 4 6 2 4 6 8 . .
BPM resol. [uml AB/B 107 persion) with beam energy. For thgt two BPMs and two
Figure 1: Left: Corrected beam orbit rms (average&orreCtorS are needed at the beam line between the last ac-

over 10* random seeds) versus BPM resolution fOIceIerating module and the undulator. This beam line has

AE/E =10%, 20% and 30%. Right: Corrected beam or.peen designed to match tiiefunctions of the accelerat-

bit rms versus undulator field error for integral correctiori?d Mmodules to the undulator. It has also to provide the
every 5, 10 and 15,. right phase advance between the spoilers and absorbers of

the collimation system for the undulator [9]. The layout
of quadrupoles, BPMs and correctors of this beam line are
shown in Fig. 3.

The complete procedure has the following steps:

o

o

o ARARRAR L RARR RRRRRRRRRE

o ARRN RN (RN RN RRARS]

For BPM resolution of lum aA E/E of around 20% is
needed. The effect of undulator field errors®B/B =
4-10~* rms on the corrected beam orbit can be tolerated if
dipole errors are compensated on intervals of 16r less. 1. Measure beam position in all BPMs.

For the error values given above, beam orbit rms of sim-2. Reduce beam energy (by e.g. 20%).
ulating the dispersion minimization are in average about3. Reduce magnetic fields (same 20%) between BPM 1
9 um. and 2 (see Fig. 3).
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Figure 3: Layout of quadrupoles, BPMs and correctors be=igure 4: Simulation of orbit before (dashed line) and af-
tween the cryostat of the last acceleratingdule and the ter (full line) dispersion minimization of a beam trajectory
undulator. fixed at BPM 2.

undulator

QF

4. Measure beam position at BPM 1 and 2 to et;  Table 1: Errors included in orbit correction simulations
and Az,. Since quadrupole and corrector fields are [ the undulator:

decreased by the same percent as the energy change.quadrupole offset < 450 pm
the transfer matrixm;;) between BPM 1 and 2 re- | gpM resolution rms C 1um
mains unchanged. Then, the change of the angle off ynqulator field error rms AB/B =4-10"3
the beam trajectory can be calculated: Field integrals correction 10 \y
Agl — masAxy — Azy At the undulator entrance:
2= Mig \s;\.lc. quad.otljﬁsf(?t < 1288 um
. arm quad. offset <+ m
Both Az, andAg/, are independent of BPM offsets. Cold B?:’M resol. rms - 10ﬂmﬂ
5. Xse thzzor/rectors between BPMs 1 and 2 to correct Warm BPM resol. rms 1um
T2 ANAAT;. o Beam position rms 2 mm
6. Measure beam position in the undulator to §é} Beam dispersion rms 5mm

which is the "dispersion originated in the undulator”.
7. Find the corrector strengttjs; } to minimize{d; } as
described in Section 2.
8. Change back to previous beam energy and quadrupole 9 CONCLUSIONS

and corrector fields and appfy; } A method to align the beam trajectory in the TTF-FEL un-

The correctors between BPMs 1 and 2 play two roles: magshulator is presented. The method is based on dispersion
the incoming beam dispersion and align the beam trajemeasurements and is completely independent of BPM off-
tory to the undulator. Both functions are explained in theets. Result of simulations including quadrupole misalign-
following. ments, BPM resolution (both at the undulator and at the

On one hand, these correctors fix the beam trajectory aeam line upstream) and undulator field errors show that a
BPM 2 using the procedure described above. Thus, theam alignment of about 10-1Bn rms can be obtained,
beam trajectory remains unchanged at BPM 2 during thghich provides a good overlap between electron and pho-
beam energy change and the incoming beam dispersiort@s beams for the FEL. Although the method consists of
therefore masked. On the other hand, these correctors @esingle correction iteration, a 2nd or 3rd iteration may be
termine the beam trajectory at the entrance of the undulatoreeded due to scaling errors in BPMs and correctors. The
If the beam trajectory is not aligned to the undulator, theeffect of beam energy errors will be simulated.
the beam is not centered at the quadrupoles and dispersiofmhis method will be tested at the TTF linac this year and
is generated. The correctors upstream of the undulator wit the TTF-FEL in 1999. Based on this experience a future
minimize this dispersion by aligning the beam trajectory aapplication of this method to TESLA will be studied.
the entrance of the undulator. In other words, the measured
dispersion{d; } is minimized with the correctors strengths 10 REFERENCES
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