3.2 Machine physics

3.2.1 Beam Injection

The accelerated beafrom the booster is iegted into the main storage ring. The output
current from the booster is given by the demand to fill tA&OLE storage ring within
one minute to the mean current of 350 mA. Taking atoount the booster synchrotron
repetition rate of 2 Hz and the particle revolution tim&@20 ns in storage ring the output
current from the booster should be

| = 350mA[720nsec
60sec2sec’ (B0 sec

Considering some losses in the wholedtijon chain, the linac outputicent of 10-15 mA

will be more than sufficient. The m®gtion scheme is the straigiward multi-turn
injection. The ringacceptance is bumped so that the part of the acceptance is spaced out of
the injection septum where the incoming beam flmoster is ingcted. After theproper
injection of the beam pulse the bump is switcb&dand the coherent akations of the
injected beam are damped in successive numbeuro$ tdue to radiation damping of
oscillations. After a few damping times (storage ring horizontal radiation damping time is
3.8 ms) the beam bump switches on and the next pulse from the booster catted.inj
The components of the transfer line between the booster and storage ring that includes the
last septum are adjusted foraex matching of the geometrical and optical parameters of
the incoming beam with storage ring lattice paramef@re injection is pgormed in a
horizontal plane and theatching at the septum outputdsne for transverse amplitude
functionsa, 8 and horizontal dispersion functionsn’.

In the preliminary version, the mgtion scheme with the arrangement of septum magnets
in one of long straight section and with kickers locations between twoipsdes in
neighbor arc ections was studied in detail. The main disadvantages of this option are the
complicated andunbalanced closed orbit bump amplitude due to non-linearities of
sextupole fields. The optimization of theanfion bump leads to a scheme withr kicker
magnets located in one long straight section of the storage ringpugh this option
implies relatively strong kicker field, the clear advantage is thaatede bump is
independent of the values of bétmction at the irgction point. Injection into the storage
ring takes place in a long straight sectfoom the internal side of the storage ring, in
horizontal phase sge.

Fig. 3.2.1 shows schemeaily the injection system and the bumpebit. Four bump
magnets produce a closed bump with theed¢ithn of 12 mm at the septum output. The
injection thin septum (septum thickness is 2mm) is located at the distance of frérmm

the reference orbit thus 10 mm of horizorgateptance is availabfer the capture of the
injected beam.

Two septum magnets, a thin with deflection angle “cér& a thicker one with deflection
angle of 8 are used to produce the final @efion of the incoming beam frobooster to

the machine bumped closed orbit. The comparatively largeddieth angle of thick
septum is chosen to keep the beam pipe far from the nearest kicker, as well as to allow
comfortable disposition of the third dipole magnet in booster-to-storage ring transfer line.
The length of storage ring straight sectio4i8 m. The bump magnets are capable of
displacing the orbit by up to 12 mm. This orbit offset corresponds to the kick angle about
12 mrad foreach bump magnet. The radial position of the thin injection septum is

= 4.2mA (3.2.1)
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adjustable in order to produce the best match to the dynamic aperture. Table 3.2.1 lists the
main characteristics of the injection system.

Table 3.2.1 Storage ring injection parameters.

Energy (GeV) 3
Stored beam emittancerfiltad ) 8.4
Injected beam emittanceniftad ) 74.9
Injected beam number of sigmas 3
Distance of injected beam to septum (mm) 3
Beta at injection point (m) 7.89
Effective septum thickness (mm) 3
Orbit displacement at septum (mm) 12

An extracted from the booster electron beam has the horizontabecei of 7Hmliad

and the rms energy spread of 81@*. The electron beam delivered by booster-to-storage
ring (BTS) transfer line has the transverse dimensions of 2.4mm in horizontal and 0.3mm
in vertical planes for & beam size at the entrance of injection thick septum. This
compensates the most stringent demands on storage ring injection schemefiaymthg
relatively short length of straighéstion and dense arrangement of injection elements.
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Fig.3.2.1 The scheme of injection system and bumped orbit.

The horizontal half-aperture needed to acconmat®dnjection is 22 mm, while the half
aperture of vacuum chamber is 37 mm. To correctly estimate the injection acceptance, the
booster horizontal beam size has been takencataBd 1% coupling. 3 mm effective
septum thickness has been used to take into account power sippgnd misalignments.

The reduction of horizontal aperture by the septum magnet results mni3nradof
dynamicacceptance that, iutn, limits the momentunacceptance bybaut 3.2%. The
Touschek lifetime strongly depends on the momentum acceptance of the lattice, which can
be limited either longitudinally (by the RF or dynamiceptance) or transversélyy the
physical or the dynami@acceptance). For ANDLE storage ring lattice the limit on
momentum acceptance set by RF is of ahger of 2.4%. Thus, there is no real loss in

beam Touschek lifetime due to reduction of dynamereptance caused by septum
position.
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Fig. 3.2.2The bumped eaceptance, stored and injected beams. Shown are the
dynamics at the injection start, after the first and the second turns in the

storage ring.
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Figure 3.2.2 (top) shows the positions of closed orbit and tbetég beam at the output of

the septum magnet. It can be seen that the injected beam fits well within the acceptance of
the ring. The evolution of the bumped acceptance and the injected beam coherent
oscillations after one and two turns is shown in Fig. 3.2.2 (bottom). The kicker magnet
field rise time is set @s, which is less than three beam turns in the ring (the revolution

time is 0.72us). The bump magnets are then turned off in a time corresponding to about
three orbits of the ring to prevent theeicied particle loss due to colliding with the septum.
Thus, the injection scheme is capable of operating both in sumgleand in multi-turn
regime. The newly injected beam thendergoes coherent ta¢ron motion about the
closed orbit- motion that is rapidly damped by means of synchrotron radiation with
damping time of 3.8 ms. This process ise&jed at théooster cycle rate of 2Hz until the
desired beam current of 350mA is stored in the storage ring.

The main parameters of bump magnets and injection septa are summarized B.Zable
The detailed description of the injection system magnets is given in S&gation

Table 3.2.2 Main parameters of storage ring injection magnets.

Thick septum | Thin septum | Bump magnets
Length, (m) 1.2 0.5 0.4
Bend angle (deg) 8 3 0.687
Magnetic field (T) 1.14 1.01 0.3
Rise/Fall time half-sine100s | half-sine3Qus half-sine2us

3.2.2 Misalignment and Field Errors

Third-generation light sources are characterized by an increased emphasis on the quality of
the emittedphoton beam, expressed in terms of itecsm@l brightness. Higiphoton
brightness implies a low emittance of etect beam. In order to achieve low &amce the
dispersion and horizontaleta function at the bending magnet location must be small,
which means the use of strong focusing optics. Strong focusing optics, in turn, requires
strong chromaticity coection sextpoles and increase sensitivity to quadrupole
misalignment and movement. Another aspect of limitations afieesthe user demands

on long time photon beam orbit stability at the level of less than 10% of photon beam spot
size. This requirement is especially stringent in the vertical plane, where the source size is
very small. All these effects lead to very small tolerances with a fraction of millimeter as a
closed orbit error. It is obvious that in third-generation light sources the magitéte |
design needs more careful alignment, stabilization and corrections.

In real machines the closed orbit results not only from the ideal maatiee lbut also

from field errors arising from magnetic element positioning errors. The magnetic elements
can be positioned only with a finite alignment precision lodud 0.1 mm. Even if one

could align the magnetic elements precisely on the ideal closed orbit, this position would
change with time due to ground movements and vibrations. The most seeets efimes

from the mislignment of qudrupole magnets, where the resulting error dipole field is
proportional to both gradient and alignment error.

The components in iron-donaited magnets arise because the poles have finite dimensions
to accommodate the excitation windings and are constructed using finite tolerances. The
first constraint leads to systematic multipole components (the same in all magnets of the
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same type), the second leads to both normal and skew components with random
amplitudes. Random multiple errors are introduced by magnet assemblyeictiped that

vary from magnet to magnet. The maineeff of multiple field reors in case of
unperturbed machine is the reduction of dynamic aperture.

The sensitivity of the CANDLE storage ring magnetic system to alignmesrséhas been
investigated using therogram MAD [1]. The systematic field errors for storage ring
magnets as computed by the program$QNI [2] are presented in Table 3.2.3.

Table 3.2.3 Systematic multipleiéld components

Magnet Multiple order | Radius (mm) AB,/B
Dipole 2 22 1.0 x10
Quadrupole 6 325 3.2 x10
Quadrupole 10 32.5 3.8 xT0
Quadrupole 14 32.5 1.0 xT0
Sextupole 9 30 3.5 x10
Sextupole 15 30 1.5 x10

The random components coming from construction tolerances are different for each

magnet and are present in principle at all orders. Table 3.2.4 lists the multiple components
and their rms strengths, which are considered the most likely to occur actually.

Table 3.2.4 Random multiple ield errors

Multiple order | Dipole, AB,/B | Quadrupole,AG, /G
1 10° 10°
2 10* 10°
3 10° 10°
4 10° 10°
5 0.0 10°
9 0.0 10’

The results of tracking simulations are shown in Fig 3.2.3 and Fig 3.2.4. Fig 3.2.3 presents
the dynamic aperture in the presence of multipole errors. It is seen that the meiroeff

the errors is observed in the radial plane, where the aperture was reduced from 23 mm to
15mm. This value of dynamic aperture is quite sufficient both fexciign andfor an
acceptable beam lifetime. The analysisdyhamic aperture sensitivity to a particular
multipole component shows that the random gradient error in the dipole magnet is the most
harmful component.

Fig 3.2.4 shows the dynamic aperture of unperturbed machine in comparison with the
presence of misalignmentsfbee and after the cagction, respectively. We found that

after the correction, no essential dynamic aperture reduction is observed with alignment
errors at the level of 0.1 mm.
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Fig 3.2.3 Dynamic aperture reduction due to random multiplesrrors.
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Fig.3.2.4 Dynamic apertures of the ring: ideal, misaligned and ceected.

To study the e#fcts of magnet misalignmentsras were randomly distributed around the
storage ring lattice and the statistics was comgdedhe closed orbit distortions. Typical
examples of closed orbit distortion (COD) for the horizontal and vertical planes are shown
in Fig.3.2.5 and Fig 3.2.6 resgtively.
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Fig.3.2.5 Horizontal COD due to random magneeérrors (before correction).
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Fig.3.2.6 Vertical COD due to random magneegrrors (before correction).
Single orbit can have local digwement of up to 6 mm in horizontal plane and 4 mm in

vertical plane. The expectation valfe the closed orbit rms distortion in horizontal and
vertical planes are 2.7 mm and 2.1 mm eespely (see Fig.2.7).

B 8
6 ]
4
2] n
L L
2
2
D . T D T
0 2 4 6 0 2 4 6
Krms [um] YIrr|"|s [km]

Fig.3.2.7 The rms COD produced by ten sets of randoarrors before correction.
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Since the exact alignment position of each magnet ikmotvn, it has become normal
practice to describe th@roblem with using thetatistical melhod. The computed amplitude
of the average closed orbit with the ampb#tiion factor of bBout 26 is in good agreement
with these that estimated using the standianchula for random distribution of quadrupole

displacements with an rms valaee [3]:

<us(s) >/2= B(s)” Al (3.2.2)
where the error ampliation factor is defined by
2 N 2
=———<(k0 > 3.2.3
83in* nv (k)" P, ( )

Here u,(s) is the expectation value for the orbit distortigh(s is)the betaunction at
observation pointg, is the standard rms deviation of erroksjs the quadrupole strength,

| is the quadrupole lengti§, is the betdunction in the quadrupoled\ is the number of
magnets in quadrupole family.

3.2.3 Closed Orbit Correction

Closed orbit distortions (COD) are geatxd mainly by qudrupole dispdcement egors

and dipole field errors. In estimating the COD, we have taken alignment tolerances and
field errors presented in the Table 3.2.5. The simulation of ten sets of the alignment errors
has been carried out under the assumption of Gaussian distributions of errors with rms
values given in Table 3.2.5. The toation eror of 2.50 was used in tracking simulations.
Since the combined function dipole magnet with quadrupole field is adoptedRDICE

lattice, the dipole alignment tolerances are taken of the sades as the ones used for
quadrupoles.

Table 3.2.5 Local magnet alignment terances.

Magnet Dipole Quadrupole | Sextupole
Horizontal rms displacement (mm) 0.1 0.1 0.1
Vertical rms displacement (mm) 0.1 0.1 0.1
Tilt rms angle (mrad) 0.5 0.5 0.5

Closed orbit tracking simulations and emtion procedure were done using the program
MAD [1], where the cogection is peformed by subroutine program MICADO [4] using an
iterative method based on the least square minimization theory.
The disturbed closed orbit has been caled and “measured” by 80 beam position
monitors (BPM) distributed around the storage ring (Fig. 3.2.8).

BPM 4 BPM 3 BPM 2

Fig 3.2.8 BPMs and correctors distribution per magnetic cell.
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The BPMs are placed at the crucial points close to thdrgpales and sextupoles, where
misalignments serve aswgces for orbit distortion and dynamic aperture reduction, and at
the end of each insertion straight sectiorider to provide local closed orbit adjustment.
Distributions of the corresponding rms values of the orbit distortions after the correction
are shown in Fig.3.2.9. The most efficient eation is obtained when thercectors are
located as close as possible to tbarees generating the largest orbit deviation, i.e. the
guadrupoles.
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Fig.3.2.9 Calculated rms closed orbit distortion produced by ten sets of random
errors (after correction).

The storage ring has 64 corrector magnets in total: 32 with combined function for
correction in botrorizontal and vertical planes, 16 horizontal and 16 verticaéctars.

Their arrangement over one period of the lattice is shown in Fig. 3.2.8. The combined
function corrector strengths for one typical random set of quadrupole alignment are

presented in Table 3.2.6. Theta functions in the &ation of the orrectors are8, = 6.9m
andB, = 7.2m respctively.

Table 3.2.6 Combined function corector strengths.

Position |Hor.correct. [Vert.Correct. Position |Hor. orrect. [Vert.Correct.
Corrector (m) (mrad) (mrad) Corrector (m) (mrad) (mrad)
KHV1 2.78 0.073011 -0.03048 KHV17 110.78 -0.08235 0.066597
KHV2 10.72 -0.01342 0.128725 KHV18 118.72 -0.03124 -0.08468
KHV3 16.28 -0.06589 -0.02105 KHV19 124.28 -0.07247 0.03859

KHv4 24.22 -0.06005 -0.01763 KHvV20 | 132.22 | -0.07399 -0.04444

KHVS 29.78 -0.1643 -0.04434 KHv21 | 137.78 | -0.12601 0.182954
KHV6 37.72 -0.09436 -0.08575 KHV22 | 145.72 | -0.03217 -0.00195
KHvV7 43.28 0.055827 -0.03046 KHV23 | 151.28 -0.02 -0.17885

KHV8 51.22 0.023113 0.009324 KHV24 | 159.22 | -0.02486 -0.07861
KHV9 56.78 -0.00199 -0.07109 KHV25 | 164.78 | -0.11795 -0.00499
KHV10 64.72 -0.1391 -0.02511 KHV26 | 172.72 | -0.11753 0.110748
KHV11 70.28 -0.05856 -0.06396 KHV27 | 178.28 | 0.081448 0.086518
KHV12 78.22 -0.03746 -0.03409 KHV28 | 186.22 | -0.06893 0.099246
KHV13 83.78 -0.04849 -0.00403 KHV29 | 191.78 | 0.128714 0.045241
KHV14 91.72 -0.15947 -0.00201 KHV30 | 199.72 | -0.09226 -0.1263
KHV15 97.28 -0.01711 0.069763 KHV31 | 205.28 | 0.133158 0.029819
KHV16 | 105.22 -0.00352 0.052999 KHV32 | 213.22 | -0.15518 0.057684
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Fig. 3.2.10 and Fig. 3.2.11 show the results of closed orb#a@@mnfor one particular set

of errors with the BPM’s rms masignment 0f0.1 mm. Since the rms momentum spread in
the beam is of I0order, the resulting increase in beam size mfidis negligibly small in
comparison with the natural beam rms size.

The overall correction miebdd gives good results in both planesddyirig the rms closed

orbit to be reduced byé€tor of about 30 with corrector strengths that are easily obtained
by means of combined function horizontal/vertical correctors. Given results were achieved
after the 2-3 iterations using possible small amount oéctors.
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Fig. 3.2.10 Horizontal closed orbit residual distortion after carection.

0.02

0.01 1

[mm]
[ ]
_—

-0.01 ~

-0.02 1

T T T T

0 50 100 . 150 200
[m]
Fig. 3.2.11 Vertical closed orbit residual distortion after correction.

3.2.4 Coupling and Carection

The vertical beam size in the storage ring is determined by dbpglicg of horizontal
betaton osiflations and by vertical dispersion. The coupling is gatext due to
quadrupole magnet roll nagnments and due to vertical closetbit offset with the
magnetic center of sextupoles. Vertical bending, which causes vertical dispersion, arises
from the dipole roll, vertical quadrupole diapement and verticalbit $eering magnets.
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As it was mentioned above, one cell of magnetitide will contain five BPMs anébur
corrector magnets, two of which are of combined type for focusing in both transverse
planes, resulting in three correctors per celldach plane. Theotrector magnets will be
installed between theloublet quadrupoles and between the sextupole magnets in
dispersion seatn, where there is enoughesye for their ingllation.

The CANDLE orbit control system will be based on a singular value decomposition
(SVD) control algorithm. This systeproduces reliable global orbit ceation, local orbit
adjustments and photon beateesing. Inour simulations for coupled optics we use the
Matlab based accelerator toolbox AT [5], which provides a wide range of high-level
simulation options ranging from 6-D symplectic tracking tofqren the calculations of
closed orbit and coupled optics. In AT the coupled optic simulation is based on the
formalism [6,7] of decomposition of full-turn transfer matrix in the form:

T=vuw™ (3.2.4)
0 O cC
U:EA E; V:Dy+ E (3.2.5)
D B TC" yldQ

where matrixesA and B are interpreted as the Twiss matrixes of hormal modes and the
matrix C describes the coupling. For weak coupling systems the elements of coupling
matrix C and mixing parametey characterize the coupling of horizontal and vertical
motions so that the coupling coefficient can be apprataiy presented as

k=2 G2 (3.2.6)
i

where one has to take averaging over the ring. Fig. 3.2.12 gives the evaluation of elements
of coupling matrix along the storage ring. The coupling is geadrby the quidrupoles
with the tilt random rms errors of 0.5 mrad.
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Fig. 3.2.12 Elements of coupling matrix (top) and mixing parameter.
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Putting approxirately B, [B, = 36 and taking into account Fig.3.2.12, the coupling

coefficient is estimated at the level k1. %6 This value is quite acceptable to keep the
optimum machine operation performances and does not require special coup&agarorr
scheme. However, additional dipole windings are foreseen in some of sextupoles, which
will be used for fine-tuning of the orbit at the insertion devices.

The orbit response matrix measures the change in the transverse orbit position caused by a
transverse kick. The response matrix can be measured in a real machine or computed with
an accelerator code. A poputachnique for linear opticsetermination fits the parameters

in the model, such as K-values of quadrupoles,ector gains, and BPM errors, to
minimize the difference between the measured and the model response matrix. Program
AT uses easily Matlab’s capability of matrix manipulation to solve xBblem for
parameter fitting. The rpsnse matrix in AT is represented in the form:

HH HV
VH WV

: (3.2.7)

whereHH is the horizontal BPM response to horizontal orbit Kit¥, is the horizontal

BPM response to vertical orbit kiciH is vertical BPM response to horizontal orbit kick,

VV is the vertical BPM response to vertical orbit kick. The response matrixes are shown
in Fig.3.2.13a-c: a) for the ideal machine (without coupling), b) in case of weak coupling
generated by magnetswdom misalignments with  the rms random error 0.1mm and c) in
case of coupling caused by inclusion of the random tilts in all quadrupole families with rms
value of 0.5 mrad.

o Mars e s v Exarsa Urer oo ars

Fig. 3.2.13 Storage ring response matrix in case of a) ideal machine, b) weak coupling
and c) including quadrupole tilt errors.
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In the figure the normalized closed orbit distortir/ Ao is depicted in the vertical axis

with Ax the absolute closed orbit distortion afdd the value of misalignment error.

Recent advances in developing an interaacdret control program at SSRL [8], the usage

of Matlab for orbit control appiations in storage rings take advantage of easisé
mathematical and graphics routines of Matlab and makes more promising. We are going to
widely implement this technique in CANDLE machine control and diagnostic system.

3.2.5 Effects of Insertion Devices

Optical effects.
Insertion devices are the indispensable part of third generation light sources. With the

installation of insertion devices (ID’s) into the ring one expects to observe three main
classes of perturbations to the beam:

* closed orbit distortion;
e tune shifts and betain beat;
* reduction of dynamic aperture.

The closed orbit distortion is induced by the field and positioning errors of the magnets. A
modern technology of proper shimming and high preciai@nment ensure a negligible
closed orbit distortion due to iadlation of insertion devices. In this concern the basic
requirement of an ID is that the beam will return to its nominal orbit after passing through
the insertion device. In the first order, taking the field distribution symmetric around the
device midpoint and adjusting the integral field to zero fulfill this requirement, so

%
B,(s)ds=0; B,(xVY,s)=B,(XY,~S). (3.2.8)
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Usually it is achieved by equipping the ID with reduced field or reduced length end poles
of the same type like the central ones.

In general the perturbations induced by the presence of insertion devices may be divided
into two classes. Firstly there are effects coming from magnetic field influence resulting in
distortion of the linear optics, tune shifts, excitation of resonance’s, reduction of the
dynamic aperture. The second group of insertion devicesteffare anneted with the

beam emitted radiation in the ID, which cause changes in the emittance and energy spread
of the beam. Most of the effects of IDs are detrimental to the machif@rpance and

must be compensated. But in some cases the radiation effects can be used as an advantage
for emitance reduction.

The present CANDLE lattice design consists of 16 identical straight sections 12 of which
are available for IDsEach straight section has8 m length with 4m available for the
installation of ID. Because theADIDLE beam emittance is larger than théfrection

limited emittancefor the expected photon wavelength range, we findattied optical
functions in the middle of straight section to be optimal vaithizontal eta7.9 m and
vertical beta4.87m that provide a good performance for both machine reliability and high
spectral brightness of the radiaggabton [9].

The primary CANDLE beamlines will be based on conventional permanent magnet planar
insertion devices [10]. In Table 3.2.7 the basic patens of primary insertion devices are
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summarized. There is a conventional planar wiggler and two undulators iratepor the

lattice design to cover the radiatptoton spectrum in the range of 0.1 - 30 keV. Such
devices with very similar parameters are widely used in many SR world centers with good
performance and reliable operation [11, 12]. All three devices have conventional in-air
gap permanent magnet structure.

Table 3.2.7 CANDLE insertion devwces parameters

Insertion Devices | Wiggler | | Undulator | | Undulator Il
Period length, m 0.17 0.022 0.05
Number of periods 23 72 79
Magnetic field, T 1.98 0.7 0.3
K-value 32 1.43 1.4
Gap height, mm 18 5.6 24

In this section we present the results of linear effects of these IDs onoeldmtam
parameters and storage ring optics based on the analytmalbah developed in [13]. The
studies of the influence of ID on beam dynamic aperture and tracking simulations were
done with the computer code OPA [14].

The components of the insertion device magnetic field used for the derivation of equation
of motion are as follows:

B, = (k,/k,)By, sinhk,x) sinh(, y)cosks) ;
B, = B, coshk,x) coshk, y) cosks); (3.2.9)
B, =—(k/k,)B, coshk,x)sinh(k, y) sin(ks) ;
with
ki +k; =k* = (%)2; (3.2.10)

where A is the period length of the ID arg}, is its peak magnetic field. The equation of

motion contains a linear term, the effect of which is equivalent to that of horizontally and
vertically focusing quadrupole whose strengths are given by:

1 X,y
Ko == 3.2.11
o, 2%& é ( )

For the chosen planar insertion devides= arl the focusing effect is present only in
the vertical plane. The corresponding tune shifts can be atdduby thdormula:

AvyzigiZByL%+i£H; Av,=0 ; (3.2.12)
arr 2(Bp) 12 B, H
phy o _ 2Ly, 4B . (3.2.13)
By H_ sn@w,)" B, o
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The linear effects of IDs aggroportional to the ratic@'f%z)2 (with B - magnetic field and
E - beam energy) and to the averaged vertical beta at their locationsfoféetiee linear

effects are more dominant in case of high field wigglers.

The main optical effects of ANDLE insertion devices (for single device) are summarized

in Table 3.2.8.
Table 3.2.8 Main optical effects of IDs .
Insertion device | Wiggler | | Undulator | | Undulator Il
P (M) 5.05 14.3 33.3
AQ, 0.063 0.032 0.0015
Aﬁ%y (%) 39.6 1.99 0.92

The parameters in Tab®2.8 are the bending radius in insertion devgg, the linear
vertical tune shiftAQ, and the maximum beta-beAf3/ 3. Table 3.2.8 shows that the

Wiggler | with the highest magnetic field of 1.98 T causes the magetsffin particular,

the total tune shift drives the working point closer to the third order resonance line in
resonance diagram. It also causes large value beta-beating. So, local correction of tunes
and betatron function in case of operation of strong wiggler is mandatory. Thess afe
acceptabldéor the moderate field wiggler and undulator magnets.

As it was expected high field devices presertrgger linear distortions than those with
lower fields and shorter periods. In Fig.3.2.14 the mateal beta functioproduced by
Wiggler | (which introduced comparatively bigtia-beating) is shown in comparison with

the bare lattice. Note, that the horizontalebisun-effected by ID.
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Fig. 3.2.14 Beta-beating for the storage ring latte occupied by Wiggler I.
Synchrotron radiation and quantum éaton in wigglers increase the beam energy loss

and change the equilibrium emittance and the beam energy spread. For the storage ring
lattice without insertion devices the equilibrium ¢t@nce and the energy spread are:
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£, =Cyy’ GL’; (3.2.14)

,-1,

2 2 |3
o. =C ; 3.2.15
(= C (3.2.15)
55 hm _ 3 .
where C, =——+=—=3.84[10"m; y=5871 is Lorenzdctor, |, are the synchrotron
32/3 mc
integrals. In the presence of a single ID the formulas (3.2.14) and (3.2.15) are read as:
| ID I ID
1+ 1+
I I
&6 — oo 970 (3.2.16)
|2 - I 4 2| 2 + |4
I+—— I+ —=—5
I 2 = I 4 2| 2 + |4

where the terms introduced by the ID are:
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D _
s =
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3p® B, 157°p° o 32°p° B,

The additionali;”> and i’ terms correspond to the contributions arising from the small
dispersionn, = 0.18m in the straight sections.

The relative change of energy loss due to the radiation in the presence of insertion devices
can be calculated by:

U-U, :l Lip (po
U,  22mp, Py

where p,=7.385m is the radius of curvature in the main dipoles.

Table 3.2.9 lists the radiation efits of individual IDs. As it is sedrom Table 3.2.9, the
radiation effects of bdulator | and Undulator 1l on beam ¢tance and energy spread are
positive. Wiggler I, in contrary, increases the ttamce and the energy spread. In case of

machine full occupation by undulators, the horizontaltemce is reducettom 8.4 nm-
rad to 8.1 nm-rad .

Table 3.2.9 Main radiation effects ofDs.

)2 (3.2.18)

Insertion device Wiggler | | Undulator | | Undulator Il
Relative energy loss -U, ) 9 0.46 0.21
Uo
Relative energy sprea@k -gEO %) 0.16 -0.17 -0.11
UE
Relative emittance chané’é‘% (%) 0.56 -0.21 -0.13
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These conclusions are confirmed by Fig. 3.2.15, which shows thtaecei behavior as a
function of the insertion device field for Undulator | (a) and Wiggler | (b) magnets. The
effect to energy spread is similar to the effect on the beam emittance. The change in energy
spread depends on the ratio of the magnetic field in the insertion device to that in the
bending magnet. Except for low fields, there is an increase in the beam energy spread (as
shown in Fig. 3.2.16 for Undulator I (a) and Wiggler | (b) magnets.
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Fig. 3.2.15 Emittance dependence on théndulator | (a) and Wiggler I (b) field.
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Fig.3.2.16 Energy spread dependence &ndulator | (a) and Wiggler I (b) field.

From the formula (3.2.16) one can obtain the condition under which beataremiis
unperturbed or is reduced [15]:

2 9 EEXO
A°<58700 ————; (3.2.19)
B°<p>

where E is beam energy in GeV aril is ID field in Tesla. The beam emittance is reduce
if the period of the insertion device is below the value determined by theaquadr the
IDs under consideration the transition point between the regions whetarnseigrows
and where it reduces corresponds to the magnetic field valBg 6f1.2T .
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Effects on dynamic aperture and lifetime.
The additional linear and non-lineare&dtts applied by IDs may bring to the decrease of the
dynamic aperture and afft the beam lifetime limiting. In Figu@2.15 the dynamic
aperture simulations (vs sextupole aperture) obtained by computer code OPA are presented
in case of bare lattice (solid line) and in case of Wiggler | in operation (dashed line). In
computer code OPA the insertion device periodic field is implemented as a series of
alternating sign dipole array:

Undulator(one perio) 0 B'OB B OB’

with the dipole fieldB, = B, t/ 4 the dipole lengthL, = A, @/7r*; and the distance

between the pole® =A,/2-L,; where B, and A, are the insertion device on-axis

magnetic field and the period length respectively. This mpaeides very adegie beam
trajectory and other optical characteristics. As Fig.3.2.17-18 show for the chosen planar
devices the dynamic aperture reduction is observed only in periphery part of stability
region.

Y [rmim]
16
12 -
& Without 1D 3
Wiith wiggler
4 -III
\
D T T .
Q 5 10 15 20

X [mim]
Fig.3.2.17. Dynamic aperture for the bare laite (solid line) and including Wiggler |
(dashed line).
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X [
Fig.3.2.18. Dynamic aperture for the bare laite (solid line) and includingUndulator
| (dashed line).
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The above mentioned linear and non-linear fields of IDs will also produce bediméif
limitations via reduction oflynamic aperture with coupe of small gap. For the intermediate
energy rings like CANDLE the Touschek lifetime limitation is dominant. In ¥ig.19 the
Touschek lifetime is plotted depending on longitudir@drdinatefor the pararmter value:

total accelerating voltage 3.3 MV and 2.4% momentaaoteptance assuming 1%
emittance oupling. One can see the average Touschek lifetime reduction from 36.8 hour
to 34.5 hour (one Wiggler | in operation). In the pessimistic scenario when all the straight
sections are accommodated with the Wiggler | type insertion device the lifetime of the
electron beam is reduced to 21 hours.

Tau [h]
404

3047
20-

104

D 1 1 I I L] 1 I I | 1
0 10 20 30 40 5 60 70 80 9 100 gy

Fig. 3.2.19 Touschek lifetime vs longitudinal coordinate for bare latte (solid line)
and including Wiggler I (dashed line).

The simulations performed for the storage ring with the Undulator | and Undulator 11 in
use show the comparatively small beam lifetime reductions. For the case when all the
straight sections are loaded by insertion devices the maintainance olufflogers
Touschek lifetime of 27 hours will require the total accelerating voltage of 3.3 MV. The
lifetime calculations have shown that the vertical gap of insertion devices less than 10 mm
should then be possible with 350 mA beam current in multibunch mode and 3.3 MV total
accelerating voltage.
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Fig. 3.2.20 Closed orbit distortion.
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Fig. 3.2.20 presents the geometrical aperture (solid line), the closed orbit distortion (dot-
and-dashed line) and the boundary of the horizontal dynamic aperture (dashed line) in the
middle of the straight section with Wiggler | in opeoati The comparison with the similar

plot for bare attice indicates no closearbit distortion caused by insertion devices. The
small closed orbit deviation in horizontal plane (Fig.3.2.20) is the result of small non-zero
dispersion (0.18m) at the straigletcson.

3.2.6 Nonlinear Effects

Besides the linear terms, the equations of particle motion in real insertion devices contain
also a nonlinear part the effect of which comes from an octupole-like term. In horizontal
plane, the non-vanishing term is the oscillating field along the ID, the average contribution
of which is zeroln the vertical plane the first non-linear wigglerezff comed$rom the
octupole like field, which genate quadratically increasing vertical amplitude dependent
tune shift:

4

ZD ZHN/\H 1ANA HE
ot =g y s 3.2.20
= gt AT RENE ST 5220

The non-linear e#cts argroportional to the raticélyE/\)2 and therefore are more severe

in case of small period undulator. Analytic calculations of the amplitude tune shifts for all
three insertion devices have been performed. The results are presented in the Table 3.2.10

where we have taken y= 5mifi, =7.49m ande, = 8.4M10°nmrad .

Table 3.2.10 Nonlinear tune shifts from ID ields.

Insertion device | Wiggler | | Undulator | | Undulator Il
AQ;JCt[lo'B] 3.73 11 1.0

As it is seen from Table 3.2.10, the nonlineaeet$ arising from oapole-like field of IDs

are negligible due to very small vertical beam emittance in the storage ring.

It can be expected that non-linear fields can produce significant effects at ddadpeoin
amplitude. These betan phase distortions break the periodicity efafunctions and the
phase advance between sextupoles, which can lead to stronger sextupole resonances and
reduction of dynamic aperture. The wiggler focusinge&ffhould be compeiaged locally

by utilizing four pairs of quadrupolesdated symmetrically@out the device.

In Fig. 3.2.21 and Fig. 3.2.22 the dynamic aperture reduction due to IDs non-linearities are
presented as a result of direct symplectic integration mdérdeal equations of transverse
motion.

The symplecticproperty of integration method as well as the stability criteria, were
checked during the mapping by solving the linear system of 16 differential equations [16]

B =A[B; (3.2.21)

where B is 4x4 matrix and A is 4x4 Jacobian matrix, associated with thenasical
equations of motion.
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Fig. 3.2.21. Dynamic aperture reduction due to Wiggler operation.
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Fig. 3.2.22 Dynamic aperture reduction due td&Jndulator | operation.

The results of phase space calculations are presented in3.Bi@3-25. Tracking
simulations are carried out for the Gaussian bunch of 1001 particles with the initial

standard deviations.o, =1.8mm, ¢ . =0.8mrad and o, =0.7mm, o, = 0.4mrad.

These values are taken more than twice as high as thosedtoerlbeam delivered from
booster. Tracking results show the negligible influence to the beam dynamic aperture by
the nonlinear field of storage ring main magnets. The dynamic amplitude reduction to
18mm in horizontal plane and 14.5mm in vertical plane are tolerableihweeditoutside

the physical aperture of IDs in the middle of the straightign
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Fig. 3.2.23 Beam cross section evolution after one revolution around the ring.
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Fig 3.2.24 Horizontal phase space evolution after one revolution around the ring.
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Fig 3.2.25 Vertical phase space evolution after one revolution around the ring.
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The nonlinear chromaticity dependence of momentum spread is shown in Fig. 3.2.26. The
horizontal lines¢,, =-18 9land ¢, = -14. 87 indicate the values of natural linear
chromaticities in the horizontal and vertical planes @espely. The calculated values for

the absolute bunch lengthening and the nonlinear term of momenturac@ngactor are

Ao, =0.00275mm anda, =1.27110° respectively.
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Fig 3.2.26 Nonlinear chromaicity vs momentum spread

The more detailed study of nonlinearesffs on thedynamic aperture reduction will be
done using computer code RACETRACK [17].
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