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A PROPOSAL TO INSTALL A SUPERCONDUCTING WIGGLER MAGNET
ON THE STORAGE RING VEPP-3 FOR GENERATION
OF THE SYNCHROTRON RADIATION
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A proposal 1s discussed to install a superconducting wiggler magnet on the storage ring VEPP-3 1n order to shift the
spectrum of the synchrotron radiation generated to a shorter wavelength rarge and to cnhance the SR intensity The basic
considerations arc presented for optioned wiggler paramcters aimed at the maximum brnightness of the source 1n the range
of =1 A The charactenstics of the SR beam generated by the wiggler have been calculated (1 ¢ total power radiated. spec-
tral and angular distribution)

A 20-pole wiggler design 1s presented with the length of 1 m. maximum magnetic field strength of 40 kGs. poles spaced
by 16 mm and vertical aperturc accessible for the clectron beam of about 8§ mm The intended wiggler installation scheme
In 4 storage ring straight section envisages the storage of clectrons apart from the wiggler aperture using the complcte
admuttance of the storuge nng with the subsequent shift ol the stored beam into the wiggler by means of the locahized

closed orbit distortion

The influence of the wiggler field on particles motion in the storage rnng has been considered (¢ g closed orbit dis-
toruion, betatron oscillations frequency shifl, contribution to the cubic nonlineanty etc )

1. Introduction

Practically all the storage rings used up-to-date
for the synchrotron radiation research were pri-
marily designed as colliding beams facilities In
spite of being good short-wave radiation sources
these machines undoubtedly are not optimal gen-
erators to produce the synchrotron radiation (SR)

One of the very effective means to improve the

SR parameters on the existing storage rings 1s to
install a wiggler magnet'”’) which produces an al-
ternating magnetic field on a part of an orbit
thercfore providing the concentration in the SR
beam of the radiation from a long path of the or-
bit The application of the wiggler (in Russian
called ‘**snakc™) may be profitable 1n various
problems concerning the SR generation

- creation of superhigh power short-wave SR
bcams,

- high efficiency RF power conversion into SR,

- enhancement in brightness of SR beams (gen-
eration of the intense SR beams with small
emittance),

- transformation of the SR spectral charactens-
tics (enhancement of the spectral density 1n a
given spectral range, reduction of the short-
wave band etc ),

- generation of SR beams with needed polariza-
tion

Especially interesting 1s the proposal to install a

wiggler in a storage ring to create a free electron
laser®).

The wiggler parameters (1¢ the strength of the
magnetic field, period length 2b, total length L)
depend on the problem 1n question Two extreme
cases are easily seen 1n wiggler applications

1) with ultimately high ficld (up to 60-100 kG)
to achieve a maximum SR quantum energy
In an existing storage ring,

2) with extremely short period of field vanation
and low field (0 1-1 kG) to generate so-called
*“ondulatory”” radiation*?)

In the present paper a vanant of the wiggler 1n-
stallation on the VEPP-3 storage ring 1s considered
which occupted =1 m along the orbit, with rela-
tively high field of =35 kG, small spatial period-
icity length (26 =9 cm) and small vertical aperture
of 16 mm The optioned wiggler parameters are
aimed at the SR brightness enhancement in the
range of Z~1A

2. The principal characteristics

of the SR generated in a wiggler

For wigglers with high fields the radiation for-
mation length 1s much less than that of the field
vaniation periodicity Thus the SR generated in the
given point of the orbit 1s characterized by the lo-
cal path curvature For descrintion of the radiation
generated 1n the wiggler the conventional SR the-
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ory (assuming electrons to move circularly) formu-
lae are vahd if properly integrated over the elec-
tron path To simplify the situation we assume
that an observation point hes at a distance much
greater than the wiggler length
The vertical component of the magnetic field in
the vicinity of the wiggler axis may be written as
follows.
H;(s) = Hy sin %s,
where s 1s the longitudinal coordinate,
2b 1s the field vanation period length;
H, stands for the maximum field
The electron trajectory in the wiggler may be
described by the deviation x(s) of the electron path
from the axis and by the angle x'(s) between the
electron velocity and the axis (see fig 1).

(0

x(s) = xq sIn %S, x'(s) = &, cos n—; (2)
where
__eHgyb _ -2 Hy[kG] b[cm]
Ay = £’ ao[mrad]—95x10 W,
(3)
2ob  eHyb?
_xo = —_——— 2 5
n n“E
2
xo[mm] =3%x10"* M 4)

E[GeV]

Making use of the relation for the total SR pow-
er 1n case of an ultrarelativisuc electron®) and ac-
counting for eq. (1) we find out the electron en-
ergy lost on synchrotron radiation.

WIW]=13x10"*E*[GeV]Hj[kG]I[mA]b[cm]n;
(5)

Fig 1 Electron's path tn the wiggler and notations
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here £ stands for the electron energy in a storage
ring, / 1s the electron current, n=L_,/2b — total
number of the wiggler periods i

An essential characteristic of radiation 1s the
spectral photon flux N(.) or the spectral power
W(.)") - taken at a given wavelength 1 1n 44/
range By integration of the formula for power
spectrum of the synchrotron radiation®) over the
electron path in the wiggler we obtamn, with the
account of eq (1)

N(A) [ph::;’“s] —15x10 "*Ho[kG] nb[cm] x

x I[mA] n,(¥o) # 6)
W()) [W] = 146x 1072 H,[kG] zz_z_ggﬁﬂ y
A7
x 1[mA] nu(50) 5, N

where y = 4./, 7. =41 mc?/3eH, 72 1s the cnucal
SR wavelength’) at maximum magnetic field H,,
#. (#y) 15 a universal spectral function of the wig-
gler radiation’) plotted 1n fig. 2.

The spectral and angular distribution of radiated
power in the wiggler center planc integrated over
the vertical angle f# 1s of interest. It results from
the integration of the instantaneous spectral and
angular distribution of the SR power®) over f# and
electron’s path in the wiggler with the account of
w =d—x'(s). In the case of #, > 1/y that 1s of par-
ticular interest (1e the bend angle in one wiggler
sector 1s much greater than the radiation forma-
tion angle) the angular distribution of power i1s de-
termined uniquely by the electron’s path in the
wiggler and the radmated power at angles x>z,
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Fig 2 Graphs of the universal spectral tunction of the wiggler
radiation and 1ts analogue 1n circular motion
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vanishes The dependence of radiation power nor-
malized by that radiated at zero angle /(z, 2)/1(0, 2)
on the honzontal angle o cxpressed in terms of
1/y at 2= 001 and y =4 x10% 1s shown n fig 3a
at various values of y,

The spectral and angular distrnibution of radia-
tion power 1n the vertical planc 1s similar to the
case of circular motion Therefore the angular di-
vergence of radiation in the vertical plane may be
determined as usual’).

082 /1
2B, [mrad] = E[G—eV] ¢ ()’—o>’

where &(1/y,) 1s a universal function plotted In
fig 3b

The main parameters of the SR beam from the
superconductive wiggler (H, =35kG, 2b=9cm,

n=10) to be nstalled in VEPP-3 (£ =2 Geyv,
I =100 mA) are presented in table |

8

3. The influence of the wiggler

on particle motion in a storage ring

In consideration of vartous wiggler versions the
advantage of small field varnation period ones 1n

30

i 40

Fig 3 a) Dependence of the normalized spectral and angular
distribution of the wiggler radiation on the honzontal angle 2.
b} the universal function for SR beam vertical angle distribu-
uon

the SR generation 1s obvious becausc at given to-
tal length these wigglers have a greater number of
poles (2n,) thus providing higher SR beam pa-
rameters However a smaller vertical aperture size
is required 1n this case as at a given maximum
field in windings (=80 kG) one has to design the
period several times longer than the vertical aper-
ture size to generate the field of 30-50 kG on the
electron’s path

The minimization of the gap makes good be-
causc the helium-cooled volume and the installa-
tion overall dimensions get less, reducing the
stored energy and facilitating the wiggler opera-
tion On the other hand a small size of the vac-
uum chamber in the wiggler makes 1t difticult to
stack electrons

For efficient electrons stack
scheme of wiggler installation

the proposed
in a VEPP-3

laBLe |

Characteristics of the SR beam from the VEPP-3 supercon-
ducting wiggler

Total SR power radiated in wiggler (kW) 28
SR beam honzontal divergence (mrad) 17
SR beam vertical divergence (mrad) 04
Beam size at the SR beam line exit (mm?) 70x16
Critical wavelength of the synchrotron radia-

tion (A) 133
Illumination at the SR beam hne exit in the 2

range 0 3-3 A (photons/scc mm?) (1-4) 1016
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straight section envisages to store electrons apart
from the wiggler aperture using the complete ad-
mittance of the storage ring After storage of the
needed current the energy i1s brought up and the
electron beam of small size due to damping 1s
shifted 1nto the wiggler by scveral orbit corrections
(sec fig 4)

Correctors are steered so as to avoird orbit dis-
tortions in the rest of the orbit. Two additional
magnets at either wiggler end bend the orbit
through the angle of 2,/2 thus providing a beam
position independent of the wiggler field strength.
After the correction the wiggler field is gradually
brought up 1n accordance with the additional mag-
nets.

The wiggler magnetic field 1in the vicimty of the
beam path can be approximately described by

nX nS{n 3
IIX— —HOS]TI P sm?<;Z+KXZ +..),
nX nS
HZ—HOCOSTsm—bX
n?(a*+b?)
X[I+WZZ+. , 9)

Hg = H, cos % cos ’%(gz + KsZ® + . )
where X.Z, S are radial, vertical and longitudinal
coordinates, respectively, a 1s the effective radial
dimenston of the wiggler, K. and K, are the mul-
tipole expansion coefficients of H, and H,.
Analyzing the wiggler field influence on par-
ticle dynamics onc comes to the evident conclu-
sions
1) The equilibnum particle travelling in the
wiggler with Z =0 sccs only H, =
H, cos(nX/a)sin(nS/b), 1ts path in the

o 100 aco ho l «oc|  S.sm

[B][F] D] p|r]d
Fig 4 Orbit correction layout for insertion of the “damped™
electron bcam into the wiggler field arca
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wiggler 1s determined by H; (deviations in
angle and coordinate X’(S) and X(§) given by
refs 3 and 4)

The wiggler causes an additional focussing,
the inverse of the effective focussing length
(vertical plane) 1s

2 2
Hob (1+b—2>n. (10)

l/F, =
IFe (HR)? a

The first term 1n brackets 1s due to the
fringe field focussing, the second one results
from non-zero horizontal position of the equi-
librium particle path (1.e. at X0 the sex-
tupole term 1n the H, expansion produces a
quadrupole field which results 1n the vertical
focussing and hornzontal defocussing)
In the horizontal plane

Hib?

JFy = ——22 _p
x (HR)? a?

(11)

In horizontal betatron oscillations weak fo-
cussing due to bending of the particle path
cancels the fringe field effect

Egs (10) and (11) are vaiild [ F ;3L The
higher-order multipoles effect 1s neghgible
cut by high powers of the small parameter
Hyb/(HR)=~10-?

The betatron time shifts can be essessed
from the wellknown relation

1 Bx.z

dvy z = I I—;x—;,

wherc 4v, , 1s ume-shift of either horizontal
or vertical oscillation, f3, , stands for f-func-
tion n the unperturbed storage nng lattice
in the place of the wiggler location

The time-shifts are determined by

253
Avy = ——ﬁ—"HLlZ—n, (13)
4n (HR)* a*
2 2
Av, = PiHob (l + b—2> n (14)
47 (HR)? a

stands for the number of periods of the wig-
gler

The tune-shifts are to be compensated by a
vanauon of the quadrupole lenses excitation
in accordance with the wiggler ficld turning-
on This will be made 1n the straight section
where the wiggler 1s to be located and where
the quadrupoles are supplied and steered 1n-
dividually
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3) The second-order term in respect of Z 1n H,
expansion and the third-order term in
H,, Hg expansions cause the dependence of
the wiggler focussing strength on the vertical
betatron oscillations amplitude thus yielding
dvz/da*#0
Terms ~X* in H, expansion and account of the
horizontal excursions of the equilibrium particle
path 1n the wiggler give rise 1o the dependence of
the wiggler focussing strength on the amplitude of
the honizontal betatron oscillations therefore
dv/da’y and dv;/da’ anse The cubic non-
lincanties resulting from the wiggler field can be
estimated readily

fvy _ 3n pyHEP

, (15)
day 32 (HR)® a*
dvz _ 3m B, Hy(a®+b%) (16
édal 32 (HR)*a*b

One can reason from eqs (15) and (16) that in-
crease 1n a always reduces the tune-shifts and the
cubic-nonlineanties Requirements of fairly good
beam lifetime put on the cubic nonlinearnities result
in setting a low limit on a

For the VEPP-3 storage ring with -functions in
the wiggler location of f, = fi; == 200 cm and wig-
gler parameters H, = 35kG, b=45cm, a=6cm

and n = 10 estimates of the tune snifts and cubic
nonlinearities give

¢ _ _ -
%21.5x103cm 2, dvy = 2x 10 2,
cay

(liz Ix1072em™2,  Adv, = —0.1

daz

4. Design of the wiggler proposed

for VEPP-3

At present the VEPP-3 wiggler 1s under design-
ing and model testing.

Its magnetic structure is composed of 20 pairs of
superconducting magnets which generate alternat-
ing 35kG field 4.5 cm half-period In the magnet
design the special care 1s taken of the minimizing
the superconducting magnets dimensions and of
options to mount and to remove the wiggler with-
out disturbance of the storage ring vacuum cham-
ber

The wiggler design schematic view 1s presented
in fig 5 According to stacking technique de-
scribed above the vacuum chamber sector (6) 1n-
side the wiggler consists of two adjacent parts dif-
ferent in vertical aperture size The smaller one (5)
inserted 1in the superconducung magnets field
The provisions are made to cool the vacuum
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Fig 3 Schematuc view of the wiggler design
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TABLE 2
Parameters of the superconducting magnets

Magnetic ltield amphiude on bcam axis (k() 35
Number of the superconducting magnets 40
Number of the ficld vanation penods 10
Field half-period length (cm) 43
The superconducting winding averall dimensions (cm)

along bcam hne 45

across beam linc 60

height 37
Designed current density (kA/7em?) 32
Total energy stored (kJ) 20
Cable diameter (mm) 07
Operational current (A) 220
Magnet pole gap (cm) 13
Vacuum chamber vertical aperture size 1n wiggler (cm) 076
Total length occupied by ficld (m) 09

chamber walls with liquid nitrogene so as to insert
the chamber into the magnet gap without inter-
stitial heat shield

The magnets are mounted in a hermeticity shell
serving as bearcr and liquid helium tank The
shell 15 fixed with hangers (7) inside an evacuated
housing (1)

The principal parameters of the wiggler super-
conducting magnets are quoted 1n table 2 The
magnet windings are made of muluwire NbTh
cable wound around an oval iron core The con-
tribution of iron to the magnet field on the axis
amounts to 8 kG providing the reason to use 1ron

BARKOY ct al

mspite of occurrence of the field map depen-
dence on excitation current

For windings fabrication a partly stabilized cable
1s chosen with cntical current density  of
55kA/cm? at maximum field of 55kG 1n the
windings The windings are connected 1n series
The electric stabilization of the system 1s provided
by a proper cable choice with small enough wires
diameter (15 um) and use of monolite insulation
made of fiberglass tissue itmpregnated with com-
pound which prevent winding shifts The coil
terminals and their connections arc made of dou-
ble-section superconductor with extra stabilizing
coating

For pre-selection of magnets after fabrication
they are installed 1n groups of 4 on the stand
shown 1n fig 6 which 1s a model of the magnetic
track The stand 1s plunged in hquid hehum to
measure the winding critical current with the field
map 1dentical to operation conditions At present
the wiggler superconducting magnets are under
fabrication and testing

Finally consider the problem of electric and heat
protecuion of the supecrconducting wiggler wind-
Ings in case transition nto the normal state. To
mininuze hiquid helium flow rate 1t is desirable to
have only one pair of feedthrough and to connect
all magnets 1n series. Small cable diamcter i1s op-
tioned However 1f loss of superconductivity oc-
curs in one of them the total energy stored can

Fig 6 Stand for magnets testing
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dissipate locally causing overheating of supercon-
ductor or overvoltage To avoiud such a dangerous
situation the wiggler 1s separated 1n sections each
protected by a Si diode cooled with liquid helium
(fig 7) It was discovered experimentally that the
current-voltage charactenstic of a usual Si diode
at hellum temperature displays a threshold with
the threshold voltage from 5V to 100V and over
depending on diode type, It 1s similar to that of a
dynistor Utilization of the scheme of fig 7 en-
ables the use of windings made of thin cable in a
great number of magnets connected In series,
therefore simphifying the wiggler supply and reduc-
ing the hquid hehum flow rate

5. Conclusion

At present the VEPP-3 storage ring 1s shut
down for 6 months to prepare its operation as the
VEPP-4 injector

At the same time modernization of some sys-
tems 1s under way A new vacuum chamber 1s de-
veloped and manufactured for the long straight
section to nstall the superconducting wiggler The
operation of the superconducting wiggler 1s to be-
gin by the end of 1978

5 |
Fig 7 Llectne diagram of the superconducting wingings pro-
tection using Si diodes
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