DESY Summer Student Program 2009

Correction of the electron beam trajectory to
displacethe undulator axisat FL ASH

Agnieszka Priebe
Poznan University of Technology

Machine Physics Group (MPY)
DESY, A Research Centre of the Helmholtz Assocmtio

Supervisor: Dr Pedro Castro

Hamburg
Germany



Abstract

Due to beam line misalignments, the longitudinat af the radiation created in the
FLASH undulators may sometimes not be created thighphoton beam line. A simulation
program has been developed to calculate the neygeds#t of the quadrupoles to change the
longitudinal axis of the undulator section. Thisgnam also corrects the beam trajectory on

the new axis. The method used and the resultsesmaitded in this program.



Contents

1. I ntroduction

1.1 Motivation

1.2 FLASH

1.3 Transverse beam dynamics

1.3.1 Drift space
1.3.2 Corrector dipoles
1.3.3 Quadrupole
1.3.4 Undulator
2. Trajectory simulations. Beam correctionsin the horizontal
plane
3. Conclusions
4, Outlook

Acknowledgments

Abbreviations

Index of Figures

Bibliography

8

12

12

13

13

13

13



1 Introduction

DESY is one of the largest scientific research resnin the World. The main part is located in
Hamburg, Germany. One of the leading topics ofress is the synchrotron radiation which

is provided by FLASH — the prototype of the futurgernational projects XFEL and ILC.

1.1 Motivation

The main aim of these studies has been to fincethad of controlling the particle
beam along the beam line sectors. This can be tgnan application of the quadrupole
offsets as well as setting the appropriate corremioents.

The longitudinal axis of the beam line is defingdthe centre (in the&y-plane) of the
guadrupoles. Due to the beam line misalignments]dhgitudinal axis of the radiation may
sometimes not be centred with the photon beam limthat case, the undulator beam line can
be adjusted by changing the position of individgabhdrupoles which are equipped with

micromovers.

1.2 FLASH

FLASH name stands foFree ElectronLASer in Hamburg. The main goal for FLASH
facility [3] is to provide SASE (Self-Amplified Sptaneous Emission) free electron laser
radiation with a wavelength in the VUV range dowrféw nanometers (soft X rays).

Fig 1.1 shows an overview of FLASH facility and i®st important parameters are
shown in Tab.1.

In the photo-injector the electrons are producedunches and are accelerated in the
superconducting RF cavities which operate at teatpe of 2 K. At the energies of 127 and
450 MeV the electron bunch is longitudinally congsed. Finally, the particle beam reaches
a 30 m long undulator — a periodic magnetic mulapstructure, where photons are
spontaneously emitted and interfere constructivEhe self - amplified spontaneous emission
Collimator
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Fig. 1.1: Main components of the FLASH beam lira {a scale).
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Tab.1: The main parameters of the FLASH facility.

Type of FEL amplification SASE
Beam energy Upto 1l GeV
Bunch charge 1nC
Normalized transverse emittance < 2um
Max. peak current (inside the bunch) 1-2 kA
Material type (undulators) NdFeB
Peak magnetic field (undulators) 047T
Min. achieved wavelength 6.5 nm
Pulse duration 5-50 fs
Peak brilliance ~107°

begins. Afterwards the electron beam is not useg langer, therefore a dipole magnet

deflects it to the beam dump. In the meantime friae electron laser radiation heads towards
the experimental hall where can be used for thieewmkional, time resolved observations and
other physical processes. These investigationsihajaining the better understanding of the
structure of matter.

Because FLASH is based on the principle of SAS#iateon, an accurate beam
steering through undulators is required. The edacheam overlaps with the laser beam only
under certain desired circumstances which mustrdéged by the magnet alignment. Hence
the particle beam trajectory axis and the beam ilméhe sector of undulators should be
defined by the same straight line. This is equivaleith a situation when initial conditions (a

positionx and an angl&’) of the electrons are consistent with relevanations of magnets.

1.3 Transver se beam dynamics

In the linear approximation, the particle motiomdae described using the transformation
matrices [1]. For this reason the accelerator v&ddd into sectors with uniform properties.
That gives a possibility of the particle trajectoegonstruction along the beam line.
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Assuming that the strength of maglkeﬁi} is constant along the longitudinal axis
m

z, one can reduce the equation of motion to thit@harmonic oscillator:

u'+ku=0, (2)
whereu may stand either forory.

The solution of the equation (1) can be presenteéde matrix formulation by:

u) _(C@ S(2 )y (2)
u@) \c@ s@lu,
whereup andu’g are arbitrary initial parameters of the partickgectory,z is the independent

variable of longitudinal position of the beam.

The matrix elements are described by cosine arell&i@ solutions:

C(2) = cos/kz) and S(z) = %sin(\/ﬂz) 3
whenk>0 and
C(2) = coshQ/Mz) and S(2) = ﬁsmh(\/mz) (4)
whenk<0.

1.3.1 Drift space

Drift space is a region of accelerator where nadsract on the particle beam — neither

bending nor focusing/defocusing effects occurs & imagnet-free region therefore

X) (1 LY X%

x) o 1)\x,) (5)
wherexg, andx’g are correspondingly initial position and initizigde of the beam while and
X" are the ultimate variables. Varialilestands for the straight length of that sector.

1.3.2 Corrector dipoles

When a charged particle moves in a magnetic fﬁalﬁl’] it experiences the Lorentz force

F =q(vxB) (6)
F [N] is the bending force which acts on the partitieving with the velocity\7 [m} gis
S

the charge and for electron beam becomqe® = 1.602-13°[C].



A corrector dipole is built of two poles and itsim#ask is to change the direction of

the beam motion. In the simulations the followimgiations have been implemented:

2 7
x=xo+x'0[ll+%|'— (7)
r

X=Xy (8)

The valuel stands for the length of the corrector ansl a radius of the bending trajectory:

_ E
" Blke (9)

B is the magnetic field in the gap of the correetodc is the speed of light.

1.3.3 Quadrupole

A quadrupole is a magnetic structure formed by fonles. Dependingn the polarization of

poles and the sign of the beam charge, the qualdrepa have either focusing or defocusing

properties in one plane and the opposite in theroftane. The stability of the beam is

achieved with sets of quadrupoles with alternapotarisations which are located one after

the other (so-called FODO lattice).
The k-value determines the strength of magnet&=|ko| is positive, the quadrupole

has the focusing properties, otherwise defocusimaso

k=eBg:C[e[g =0@Bg—,
p clp E

(10)
whereg — quadrupole gradienE — beam energy.

An introduction of quadrupole phase (variabie a path/arc length of an element)

¢ = \/M| (11)

leads to the transformation matrices given by dtlewing dependencies:

a) Focusing quadrupolek(=|k,| > 0)

1
(X.} A (Xf’j (12)
X ~Jk,sing  cosp Xo
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Fig. 3.1: Layout of FLASHI he abbreviations stand fdf — corrector for horizontal
plane, V — corrector for vertical plane, Q — quadale, UND — undulator. Drift spaces are
omitted.

b) Defocusing quadrupolek(= —|k,| <0)

1 .
coshg ———=sinhg
R et I

Jko|sinhg  coshy 0

1.3.4 Undulator

Undulator is an insertion device composed of theiodee structures of dipoles with
alternating directions of the magnetic field. Irethorizontal plane the beam follows a
sinusoidal trajectory while in the vertical plarteexperiences a focusing effect which is
described by the focal length

A

1_A
f _8r2 (14)

wherel, is a period length. Then the transport matrixespaesented as follows:

1 =A,
X _ 2 Xo (15)
X _2 1 X,
f
The valuer is a radius of the trajectory when the magneéltfreaches the maximal value.

2 Trajectory simulations. Beam correctionsin the horizontal plane

The trajectory of the beam through the undulatessleen simulated using a program written
in JAVA.

In the simulations only the final part of the FLASbtam line (Fig.1.1) has been
implemented (Fig.3.1). That region begins with tberrector just downstream of the



accelerator module ACC6 and ends with the quadeupotated at the end of the last
undulator. The focusing and defocusing quadrupébesrespondingly magenta and blue
bars), correctors (green bars) and undulatorsayellars) have been taken into account. A
drift space has been located between distinguiphed of the layoutin the upper part of the

picture, the positions of elements in respect ®ltitation of RF gun (the first element in the

beam line) are given.

The most crucial aspect of ensuring the SASE camditis to keep all (or most of) the
guadrupoles in the undulator section in the sttdigb.

In the simulations one quadrupole has been chosem @nstraint. This means that its
offset is equal zero. Other quadrupoles have bekusted to obtain the horizontal beam
trajectory deviation of 1 mm on the Ce:YAG screecated at 254.45 m (Fig.3.2).

Alignment of quadrupoles in the beamline

x [mm]

The simulated beam trajectory for the beam linhwihdulator quadrupoles shifted is
shown in Fig.3.3. With this trajectory the beam slo®t overlap the photon beam and the
SASE process does not take place. To this trajpet@orrection has been applied to get the
beam on the new axis. The electron beam has haf@ltbeing initial conditions: a position
in the horizontal planex = 0 mm, an angle&’o = 0 rad. The applied beam energy has been
1GeV.

The correction of the beam trajectory can be peréalin two independent ways. The first
scenario has assumed the application of only twoectors (while all other correctors have

been turned off).



The particle beam motion is described by the liregyerposition of applied corrector

currents. Therefore the set of equations can bitenras follows:
X1, +x1, =V (16)
17)

Indexes andj refer to the first and second correctors chosée.fdregoing notation denotes

Xl +x, 1, =a

that the individual corrector currenf has been applied. From the beam trajectory the

elements andx’; at the constrained quadrupole have been derivieel seme procedure has

. . . . V
been proceeded for the second corregtdihese variables contribute to the final sr%te],
a

whereV is a position and is an angle of the particle beam at the beginoinidpe undulator
sector. They are dependent on the initial condstiointhe beamxg, x’o and the energg).
After simple calculations one obtains the solufionl; andl; :

L _ab-xV (18)
‘ X X = XX,

|_:V_xj'1 (19)
i X

The corrector currents have had to be set withethalies to provide SASE requirements.
Fig. 3.4 presents results for two chosen correctdti SEED and H19SEED. The calculated

values are -0.0211 A and -0.0019 A correspondinghe constraint has been given by the
Q5UND3 quadrupole.

Electron beam trajectory - all quadrupoles shifted
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The other way of manipulating the beam trajectergn application of only one corrector
(while all others are switched off) and a shiftloé first (Q21SEED) quadrupole in the region
of undulators. Then the corrector current givescl to the particle beam and aligns it with a
proper position and an angle. In this case thetcains can be only applied on the second
guadrupole in the line (Q22SEED).

The corrector current has been set on -9.276e-fdAtlae quadrupole has been shifted
within 8.332e-2 mm in the horizontal plane. Theauftssare presented on the Fig.3.5.

Electron beam tra]ectory two correctors turned on

1,01
IJJQ--E'
0l
0,7 14
05+
s -0
0,4 1+
D,B"E‘

x [mm]

0,21+
L
0,04
el -
0,244
03 e
el
051

125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260
z [m]

Fig.3.4: The electron beam trajectory in the case of usedwoectors.

Electron beam trajectory -on corrector turned on and one quadrupnle shifted
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Fig.3.5: Application of one corrector and the sluftone quadrupole.
11



3 Conclusions

The studies on FLASH electron beam have been peeidin JAVA programming language.
Simulations contain deliberations of the beam adrdénd steering in the horizontal plane.
Although only the final part of the real FLASH laytchas been considered, the new elements
can be introduced easily.

The user of the program can choose two correctuidlze constrained magnet as well as
one corrector and the first quadrupole shift toaobtthe beam distortion with the desired
angle. The output is presented by 2D plot of teanb motions and the values of corrector
currents and quadrupole offsets, which need tqbéea, are given.

4 Outlook

The same procedure, as shown above, can be amplted vertical plane. However, due to
the focusing effects of undulators the motion acaons in the vertical plane makes the
change of the axis more sophisticated. The focusgifigct of the undulators has been
integrated in the simulation program. The impacttioé undulator focusing the beam
trajectory is shown in Fig. 3.6.

In that case all correctors as well as all quadegobave been switched off (currents equal
zero) and no offset has been applied (the anglaleqero). Only the initial positiog of

electron been has been set to 1 igin=(0 rad).

Vertical plane - impact of undulators
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6 Abbreviations

FLASH
FEL
ILC

RF
SASE
VUV
XFEL

Free Electron LASer in Hamburg

Free Electron Laser

International Linear Collider

Radio Frequency

Self-Amplified Spontaneous (Stimulated) Enuissi
Vacuum Ultra Violet

X-ray Free Electron Laser
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