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Abstract

hi this article we make a design study for damping wigglers for the TESLA Linear
Collider damping ring. The parameter space for the wiggler design is estimated,

Fonr desions based ou permanent magnet technology are proposed aud discussed.

1  Introduction

The TESEN Tinear collider design [1] intends to use damping ring(s) for great rednction of
the beans phase space volumes before mjection in the main linac. The positron bean is
]mu]ll(( «bonatarget with an expected normalized transverse et ance as large as .01 1
2] aud a damping ring appears to be the only solution to squeeze thc emittance within «
lwac cvele vime of 7.=200 ms [3]. As an alternative, a RF gun can he used to achiove the
design emittance of the electron beam (4. which in this case would allow 1o save one of
bwo damiping rings. Due to jection/ejection techuological limitations the circnmfercnee
of the vine should be comparably large and synchrotron radiation in bending magnets car
ot provide a sufficiently short damping time. Magnetic wigglers have been considerod 1
beinstalled in the damping ring in order to enforce radiative emitiarnce damping [6].

hethis article we proceed further in the consideration of the wigglers for the TESILA
damiping ving. Section 2 is devoted to general consideration of the wigsler and maj
requirenments on it are derived from the needs of the project. In Section 3 we (‘unsl(lm‘
four variants of permanent magnet wigglers. Finally, in Section 4 we briefly discnss
advintages and disadvantages of the proposed options.

2 Wiggler for Radiative Damping

The TESEN damping ring design should provide a low-emittance beam which after the
bunel lenoth (()Irlpl(mol goes to the main linac. Basic parameters of the FING are given
1 I]u Table
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lable | Basic Parameters of TESLA Damping Ring

Fnergy E 3.3 GeV
('vele time T. 200 ms
No. of bunches Ny ~ 1100

Particles/bunch N, 3610

Bunch length O ~1 C11l
Damping times To/Tey, 18.5/37  ms
Norm. emittances

at injection /e 101101 pm
at ejection €./, 10/0.2

The cirenmference of the ring is not specified in the Table 1. because at present thne

there are some approaches to solve IIUPCTIOII/PJ((“TIOH issues that leads to spread of the
required vine civenmferences. The problem is that the TESLA design intends a buneh
rain diration of about 800 us (or about 240 km length) in the main linac. The bunel tram
nnst be compressed in a storage ring and then expanded when extracted ont of it. Thie.
the injection and ejection of every bunch has to be done individually. [fone assumes toise
A Kicker for the ejection with rise/fall time 7. then the civcumflerence of the ring is aboni

U] = 7 ns)/3. For example. the “dog-bone” proposal for the damping ring assimes
llhmmh- conventional kickers with 7 ~ 60 ns. and thercfore. €22 20 ki [3]. The “doe-
Lone™ rine consists of two long (about 10 km) straight sections w hich share the tunmel of
ihe tain linac and a pair of arcs at the ends. The necessary wigglers are to bhe installed
i the straieht sections. Under assumption of using sormew hat modified injection/cjection
ceheme with several deflecting elements (7. 8] the ring with circumference of about 6.3 ki
i the existing HERA tunnel was discussed n Ref.[9].

Prescntlv. there are some novel schemes of the fast kicker (e.g. superfast beam-bearn
Jeicker (1071 nnder consideration which allow to get 7 =7 ns and less. Consequentlve an
option for « low-cost damping ring in the existing tunnel of the PETRA ring with (722 2.3
kin st he taken into consideration.

L the following sections we consider damping wiggler designs for two extreine cases.
namelv. the “dog-bone”™ damping ring with a circumference of 20 kin. and the 2.3 kin long
damnping rine in the PETRA tunnel.

With the repetition frequency of the linac 1/7T, =5 Hz. the vertical damping time 7,
La< 1o be about 3.5 times less than 7. because the vertical emittance must be damped 1o
the desion value:
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y = 50000

Here for simplicity we assume that there is no significant impact of residnal vertical

dispersion and coupling coefficient 6 = ¢, /¢, is smaller than the design emittance ratio
of 0.02. A< the vertical damping time 7, ~ 37 ms is about two times of the longitudinal
one 7w, = I/ fy) (F = 3.3 GeV. fy is the revolution frequency) then one needs to

provide the energy loss per turn ( of

2F
Joy

that 1x abont 12 MeV for the “dog-bone™ option and about 1.4 MeV for the 2.3 kin ring.

>~ 0.6[MeV] - Clkm]. (2]
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Asthe losses are due to syuchrotron radiation in the magnetic ficld £ thew :

o= [PdL. PMEV/m] = 126 107 B GeV | BT (3]
and therefore, for the TESLA DR the necessary damping integral must be equal to:
Ip= / B*dL[T*m] =434 - C[km]. (1

that oives abont 870 74m for the "dog-hone™ and about 100 7%m for the 2.3 ki machine
i the PETRA tunnel.

Qunantmo finctuations of the synchrotron radiation lead to growth of the horizontal
cinittance iseeceg [11]):

N
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here the brackets < 0> mean average value of invariant H = (1> 4+ (3,4 — 3.1/2)%)/ 3.
(1 15 the dispersion finction) over the bending radius p in a third power.
For the wigeler with period A and piecewise constant field of By (square wigeler) the
19 | aler)

vaedins s alao piecewise constant pg and simple calculations give:

H\ 3N |
=) 16)
P 4385

where it was assumed that the mean beta function in the wiggler is much bigger than its
period Fo oAl For the wiggler with sinusoidal field B,(z) = B, cos (27z/A). one gets

H 3, A2 -
p*] 157 !

where poois the bending radius corresponding to the maximum field f3,,.
Theexaerfield shape can be influenced by the magnetic design of the wiggler. Wigslers
with rectanonlar field distribution need to have the period A much bigger than the wigsler's

vertical gap g Sinusoidal field shape can be obtained for any period length.

Takine into account that the major contribution takes place over the wiggler leneth
L ¢"cthe evolution of the horizontal emittance can be described by following eqnation:
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The fivst term in (3) is about the vertical emittance because 7, ~ 7. and. therefore,

can be neelected if we want to establish the condition to get finally the design emittance
€

(~)

de. L ¢,
<
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dl T,
Takine o acconnt requirement (4) we obtain from (9)
lor piccewise constant magnetic field wiggler:
;3I/\2BS < 6T m". (10)
and for the sinusoidal field wiggler with [ B*dL = B*L/2:
JT,\'ZBZ <297 m”, (i

One can seesthat these circumference-independent requirements set linits on the wigeler
period A

One more notation concerns a definite relation hetween magnetic field of the wioeler
ancl the bean energy spread induced by synelirotrou radiation (sec. cog )

<AETs H2<L}

2 v
o= ———— = (g
g X B (L)
2
pe
Asoneassimmes that the main contribution to the radiation damping comes from the
wiveler with piecewise constant magnetic field 5. the energy spread i the TESLA DR

hecotes <*r111;|] 1O

Cra1.92-107" 0. (12

oL = \/ﬂ 22 (.35 . [()kjiv ]}(]:r/} -]
mc?
For the sinnsoldal magnetic field distribution og is \/\*73: 2 0.92 times of the formmla
(13).

Hinsothe Jongitudinal emittance of the DR bunches. o, - o5 ~x o7 is proportional 1o
I3y and as long as this parameter is important for the bunch length compression svsten.
the peakowiceler magnetic field is limited. In this paper we consider the wigeler options
with /s 7 21 that corresponds to a quite acceptable value of op < 1.2 1077,

Finallv. one more aspect must be considered when choosing the optinmn wigeler
desion converning the total amount of chromaticity generated in the wigeler section. 1his
chromaticin: has to be compensated in the ares and can he especially large for the Tdoo-
bone™ version of the damping ring.

I we assime a FODO - cell structure for the wiggler section L-meters long witl,
betatron phase advance per cell equal to p. the chromaticity is about



Table 2:

Pavanicter "Dog-bone” PETRA tunnel-DR

circmmnference ' 20 km 2.3 km

rev. {requency fo 15 kHz 130 ktlz

buneli spacing mm DR Th 60 ns T ns

de bhean enrrent I, 100 mA 860 mA

loss por turn [ 12 MeV 1.4 MeV

wiveler integral [ B*dL 870 177m 100 T4m

SR power loss (o1, 1.2 MW

OF Thait:

piccewise field 3.\ B} < 6 T°m?*

sinsoidal field 3N B < 29 T m?
&UZLZ_MZ_)TL_ (11
T (Ap/p) pf2 2mBe,

where acain 4., denotes mean beta function in the wiggler. Unlortunately, maximmn
acceptable valie of the beta function is minimum of two figures: cither the value of abon
10 11 1o taintain beam instabilities within some limits as well as to provide smaller heatn
size i the vacuum chamber aperture (especially at injection). or by the emittance growth
condition . (1075,

This, for the FODO cell structure with g = 7/2 one can estimate the chromaticity

Ery = —0.02- L Iml]. (13)

Ih order 1o avoid excessive strength required for the sextupoles in the arcs. the cro-
maticity eenerated in the wiggler section must be kept within limits.

Table 2 sutumarizes the results of this Section. To find the optimum damping wigeler
several contlicting requirements have to be taken into account:

It



e maximum magnetic field is desired to reduce the length of the wiggler.
o bigeer peak field corresponds to larger longitudinal emittance of the damping rine.

o larger vertical gap increases instability limits,
o smaller wiggler period is favorable with respect to horizontal emittance generation
in the wigeler,

o larger wiggler length reduces the necessary SR power absorption per nuit lenoth.

o snialler wiggler length allows to get smaller natural chromaticity of the wigele

seetion.,

In the next section of this paper we assume a wiggler gap of 25 mm whicli allows for
a vacim aperture in the wiggler region of about 20 mm.

3 Wiggler Design Proposals

3.1 Permanent Magnet Technology

Today wivelers and wndulators are widely used in both svuchrotron radiation sonrces
and Free Flectron Lasers. During the last 15 vears permanent magnet (PN technnlogs
based initiallv SinCo and later on NdleB material has been developed to bhuild these
devices [T2013]0 At intermediate field levels up to about 27T this technology is now almiost
cxclnsively nsed. Alternatives are snperconducting (SC) wigglers which are nsed for hiel,
held applications up to about 10T and electromagnet {EM) wigelers which are onlv nsed
i special cases. For comparable geometries the field levels of EM devices are normally
well below those of PN svstems.

The advantages of PM technology are evident: the devices are passive, which mceans
thev do ot need any power supplv. do not cause operational costs and require alimost o
maintenance. I dedicated synchrotron radiation sources nunierons devices are rontinelyv
nsed. For cxample in DORIS HI ten insertion devices build in P technology with a total
lenoth excecding 32m arve routinely used.

Fora damping wiggler the damping integral Ip = [ B%dL is of central HNpOrtance.
b addition Deam dynamics require the magnetic field to fill out a horizontal and vertical
apertire chinracterized by the vertical gap ¢ and a horizontal width 1. The total magnetic
cnieves needed to fll out this volume is given by

gh

Sy

= / B2dL. (16
2 -
where g 125107 1 5/(A - m).

Permancns magnet material is characterized by its B — H demagnetization curve. The
optimnm operational point is chosen when the energy product B+ /1 is maximun. Ty this
case the volnme of magnet material is minimized and given by



gh / 2 -
TN BdL. 1
Vo = B e ) Y

The demasnetization curve of NdFeB is essentially a straight line throughout the second
quadrant with a slope very close to 1. In this case

: 2
(B.H)mq_EZ%Br%H:% f))r . (18)
22 4410

where 2, i~ the remanent field, and H. is the coercive force of the material. Depending on
material quality the maximum energy product for NdFeB is in the range of typically 210
310 kJ /i’ Assuming 300 kJ/m? the absolute lower limit of material for the PFTRA DR
15 0.33 " and for the “dog-bone™ DR 2.8 m? A cross section of g X w = 25 x50 mme s
aestined 10 both cases. Leakage flux and stray fields generally lead to larger volimes. In
e et three subsections three different approaches will be presented which have been
optiniized 1o have the pont of operation close to the (B - 1), value.



lable 30 Preliminary Design Parameters for the 0.5 T Square Wiggler

l I

‘ | ) . o )

i Paramecter Unit | Dog-Bone DR | PETRA DR
| n
Damping integral Ip | T%m 870 100 l\
Magnetic gap g mm 25 25 \

|
CWidth of magnet w mm 70 70
lleight of magnet h | mm 1} Ll

| |
‘ | !
Period length A omm % <2000 <2000 i
: ‘ ] ] | ) |
Peak field By 1 0.5 ‘ 0.5 ;
= | 4
. . _ i
Wigeler length L m 3480 | 400 5
fffff ; |
, !
"Volume of material 117, m” 5.36 0.62 ]‘
|
~Material per meter Fag/m 11.6 1.6
S 1 S

3.2 0.5 T Square Wiggler

A sqnare wisgler produces a rectangular field distribution along the clectron hean axis.
This i< in contrast to most wigelers which normally produce a sinusoidal field. The
damnping integral of a square wiggler having the same peak ficld and length is inercased
by a factor of two as compared to a sinusoidal one.

[io .1 ~hows the cross section and flux line distribution perpendicndar to the electron
bearn. Onlv one fonrth of the structure is shown for numerical reasons. The bearn position
iwat e oriein at X = Y = 0. A pole piece with a trapezoidal cross section i to gnide the
taenctic s eenerated by the permanent magnet. A soft ivon fhe return voke avolds
Hinecessart stray s, For a wiggler. of conrse. sections with alternating ficld divections
are needed. The working point of the magnet is close to (B H) s The peak field as
calenlated with the MERMAID code U.ﬂ is 0.5 1.

The period length can be chosen quite arbitrarily over a wide range. Usine cq. (10



and assimning a mean horizontal beta function of 10 m. the period length can be as large as
2w withonr violating the emittance condition. Table 3 shows a summary of preliminary
desien parameters for such a structure.

3.3 1.0 T Purc Permanent Magnet Wiggler

Pure peroanent magnet wigglers where first proposed by Halbach [13]. They offer a
simple way for a damping wiggler. Fig. 2 illustrates the magnetic setup. Pure permanent
tagnet devices can be treated with analvtical formulae. The peak field is described by

B, = I.SBTC"U/'\ 1 27N (19)

Heve g is the gap. A s the period length and h is the height of the blocks. 3, is the
rernanent field of the magnet material.
Inorder to built a damping wiggler with a given damping integral Iy, the total volnine

of tagner material required is given by :

= Q/Z’LL‘]D N <(J492,\u[[)

- 27a/ A (20)
. €T 20
) B: B )

Heve £y, 0 the damping integral in T2m. In the above equation the height of the magnets
whichis chosen equal to A4, w is the width of the magnets. The factor 1/2 in the
denominaror acconnts for the sinnsoidal field distribution. Lq.(19) and Eq.20) are shown
eraphicallv in Fig.2o Choosing A equal to 27g minimizes Eq.(20) which in this case

I)(‘('l)][l(“wf

. oswglp o
‘//Lln/ - 5‘1‘03 [;’2 * (.31 )

[he corresponding optimum field is given by
B =0.865 - B,. (22)

Fable beives an overview of input paramecters and results for the two damping ring
alternativesnder investigation. Fig. | shows a cross section and flux line distribution of
hall o period of the npper half of the strncture in the X — Y plane. The clectron bean
axisat Y O along the Z divection. Fig. 5 shows the field profile along the 7 axis.

Fhe anmonnt of material required is inversely proportional to 3% More dermanding
I3 values are therefore desired to reduce the overall length. The results in Table 4 were
thevefore calenlated for two values of B,. State-of-art NdFeB material is assmmed with
I3, = 1271 for the first alternative. Top quality material with B, = 1.35 T is commercially
available,

Lhe pure permanent magnet design described above is widely used. Nunierons wig-
slers hised on this proposal have been built for synchrotron radiation sonrces and frec
clectron Lasers as well. A fixed gap device can be built in an open C'—frame conlignra-
tion i anechanically simple and compact way. The pure permancnt magnet structure

i~ complerely free of iron. So external fields can be superimposed. Therefore external



Table 1 Proliminary Design Parameters for the 1O 1T Pure Permanent Wigeler with
Sinnsoidal Field Distribution

I
!
. Parameter Unit | Dog-Bone DR | PETRA DR
| |
: Damping integral Ip | T*m \ 370 100 \
- \ |
‘.
© Magnetic gap g mm I‘ 25 25 |
~ Width of magnet w | omm 50 50
’ T
Period length A omm 1571 157.1 ‘\
lemanent ficld B. T 1.2/ 1.35 1.2/ 135 }
Peak field Bl T 1033/ 116 | 1033/ LIG ]
| i
' | 'l 1
Wigaler fength l. mo 1627 /1289 | INT /1IN J
‘: |
Volume of material | V), m’ LG / 5.01 0.735 / 0.5% II
| —
| i
Material per meter kg /m \‘ 29.7 29.7 ll

Lhorizontal ae well as vertical correctors can be used without disrupting the wiggler. For
very lome devices like those nnder investigation this might be very nseful.

3.4 1.5 T Square Wiggler

The ~<chenatic lavont of another square wiggler with a much higher magnetic ficld is shown
in Fie. 6. o7 presents one fourth of the cross section perpendicnlar to the heam axis
Looct hor with a fliux line distribution. A much larger magnet cross section is chosen. The
naenct material again works at the (B H),.... Conically shaped pole preces were selected
which minimize leakage flux. In an analogous way to the 0.5 T wigeler a rectangnlar ficld
distribntion along the beam axis is produced. The peak field in this case i< 1.9 1. Using
1.0 10) the maximm period length should not exceed 0.4 m. The increased peak ficld
leads 1o o significantly reduced overall length. The total length of the wigeler section

<hontd he inereased by a factor of 1/(1—g/A) in order to account for the deviation frona

10



rectangular field distribution in the transition between positive and negative field sections.
This resnlis ina 7% correction for A = 400 mm and ¢ = 25 mm.

Preliminary design parameters of the 1.5 T wiggler are summarized in Table 5.

Lable 50 Preliminary Design Parameters for the 1.5 T Square Wiggler

Parameter Unit | Dog-Bone DR | PETRA DR
Damping integral Ip | T*m 870 100
~Maguetic gap g mrmn 25 25
CWidth of maguet Wl 30.4 304
Height of magnet h mm 102 102
Period length AL omm <400 <400
- Peak tield Bg T 1.5 1.5
CWigeler length Lt m 387 111
Volime of material | V), m> 4.79 0.55
Material per meter kg/m 93 93 JI

3.5 2.0 T Square Wiggler

Fio~ showsa eross section perpendicular to the beam axis through a square wiggler which
results ina field amplitude of 2.0 T. The cross section of the pole is now rectangilar and
there is now roont for an additional magnet on top. The geometry is very simple. Only
rectangular soft iron plates, magnets and pole pieces are used. The period length of this
deviee shonld not exceed 0.32 m in order not to violate the emittance growth condition
given by T (10). As in the previous examples the working point of the magnet material
s close to /3 f), .. Table 6 gives a summary of the design parameters. It is seen that
thetotal length is again reduced significantly as compared to the previous cxamples.

11



Fable 6: Preliminary Design Parameters for the 2.0 T Square Wiggler

Parameter Unit | Dog-Bone DR | PETRA J)R‘
}‘ Damping integral Ip | T°m 870 100 7
—
Magnetic gap q mm 25 25
.K Width of magnet Wi omm 100/50 L00/50 ’
_l I_I('igln of magnet | o 50/50 50/50 |
Period length AL omm <320 <3520
- Wiggler length L m 21N 25
\olume of material | V), me ERE! (0.625 :
Material per meter kg/m 1837.5 INT.5

4  Discussion

hethe preceding sections four different proposals have been discussed to build « darnpine
wieeler. Table Thriefly snmmarizes the following parameters of these options: total lenetl
ofwivelersection. total required amount of magnetic material (Nelel3 with retanent field
of 12 T and an estimate estimation of natiural chromaticity contribution accordingly 1o
]‘1(],( 19

One can sce that chromaticity is certainly an issue for the “dog-bone™ damiping rine
with 0.5 T and 1.0 T wigslers.

While thie total amonnt of magnet material differs only by 10-15% the peak field
level differs by a factor of four and consequently the lengths differ by a factor of 16
vaneing fron 25 1o abont 100 m for the PETRA damping ring version and from 218 1o
SIS0 for the Dog bone ring. Clearly the amount of magnet material is an tnportant
cost factor bnt not the only one. For an economical comparison other aspects also have
to be considered like simplicity or complexity and mechanical desion of the mechanical
sipports. maenetic forces. vacuum chamber design. absorbers for svnchrotron radiation.

12



Table 7: Comparison of TESLA DR Wiggler Options

Parameter Permanent Magnet Wigelers
Max. Field 05T 10T 151 20T

Wiggler length [m]:

for 20-km DR 3430 1630 387 218
for 2.3-km DR 100 187 44 25
Required NebeB [kg]:

for 20-km DR 10,370 43,400 36.000  10.900

for 2.3-km DR 4.640 50 L1000 4.690

It
Ot
(W14

Chromaticity of

wigeler section:

for 20-km DR =70 -33 7T -1

for 2.3-km DR -5.0 -3.7 -0.9 -0.5

ctoo A Civpe wiggler should be preferred if a vacuum system with an antechanber is
nseds Some access 1o the vacuum svstem has to be provided in any case in order provide
sutlicient prniping power. This also lavors designs which allow some access to the hean
reeton.

Fhe size of the field filled volume is an important cost factor as was demonst raf o by
Fa.atig I therefore should be chosen as small as possible. The available insertion space
i the danping ring has also to be considered which has to be provided n a dispersion
free part of the ring. Thus one might wish to limit the total length of the wiggler or to
pht i np i a number of subsections if this space is limited.

Finallvothe field quality in magnets using iron poles does not strongly depend on thie
quality of PN miaterial. This can be an important cost factor as well and should be takern
mto consideration.
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Magnetic field lines over the cross-section

of the 0.5 T wiggler.



of the 1 T wiggler.
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g0 The vertical component of the magnetic field over
the half period of the 1 T wigeler.
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