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A M E Z E N T S E V  

A proposal ts d~scussed to install a s u p e r c o n d u c t i n g  w~ggler m a g n e t  on  the  s torage ring VEPP-3  m order to shif t  the  
spec t rum of  the  s y n c h r o t r o n  radJauon genera ted  to a shor te r  wave leng th  rar.ge and to e n h a n c e  the  SR in tens i ty  The  basic 
cons idera t ions  are presented  for opt~oned wLggler parameters  atoned a, the m a x m m m  b n g h m e s s  o f  the  source  m the range 
o1" ,:. ~ l A The  c h a r a c t e n s h c s  of  the  SR beam genera ted  by the  w~ggler have  been calculated 0 e total pov, er radmted,  spec- 
tral and angular d~stnbut lon)  

A 20-pole w~ggler destgn ~s presented ~ t h  the length of 1 m. maximum magnetic field strength o[ 40 kOs. poles spaced 
b~ ]6 ram and vertLcal aperture accessible for the electron beam of about gram The intended wiggler installation scheme 
m a storage nng straight section envisages the storage of electrons apart from the w~ggler aperture using the complete 
admntancc of the storage ring v,~th the subsequent shift o1 the stored beam into the v,lggler by means of the Iocahzed 
closed orbit d~stort~on 

The influence of the ~,Jggler field on particles motion m the storage ring has been considered (e g closed orbit d~s- 
toruon, betatron o~cfllahons frequency shfll, contnbuhon to the cubic nonhneaniy etc) 

1.  I n t r o d u c t i o n  

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

One of the very effective means to ~mprove the 
SR parameters on the existing storage rings ~s to 
install a wiggler magnet ~-7) which produces an al- 
ternating magnetic field on a part of an orbit 
therefm'e providing the concentratton in the SR 
beam of the radtahon from a long path of the or- 
bit The apphcatlon of the wiggler (m Russian 
called " snake" )  may be profitable in various 
problems concerning the SR generation 

-c rea t ion  of superhigh power short-wave SR 
beams, 

- high efficiency RF power conversion into SR, 
- enhancement in brightness of SR beams (gen- 

eration of the intense SR beams with small 
emlttance), 

- transformatton of the SR spectral characteris- 
tics (enhancement of the spectral density in a 
given spectral range, reduction of the short- 
wave band etc ), 

- gencrauon of SR beams with needed polariza- 
tion 

Especially interesting ~s the proposal to install a 

wiggler in a storage ring to create a free electron 
laserS). 

The wiggler parameters (1 e the strength of the 
magneuc field, period length 2b, total length L~) 
depend on the problem m question Two extreme 
cases are easily seen m wsggler apphcatlons 

1) with ultimately high field (up to 60-100 kG) 
to achieve a maxtmum SR quantum energy 
m a n  e x i s t i n g  storage ring, 

2) with extremely short period of field variation 
and low field (0 1-1 kG) to generate so-called 
"ondulatory'" radiation 4' 5 ) 

In the present paper a variant of the wiggler in- 
stallation on the VEPP-3 storage ring ~s considered 
whtch occupted ~ 1 m along the orbit, wtth rela- 
tively high field of ~35 kG, small spatml period- 
icity length (2b = 9 cm) and small vertical aperture 
of 16 mm The optioned wtggler parameters are 
armed at the SR brightness enhancement m the 
range of ).-~ i ,~ 

2. The principal characteristics 
of the SR generated in a wiggler 

For wigglers with htgh fields the radiation for- 
matron length is much less than that of the field 
vanatton periodicity Thus the SR generated m the 
given point of the orbit ~s characterized by the lo- 
cal path curvature For descnptton of the radlatton 
generated m the wiggler the conventional SR the- 
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ory (assuming electrons to move circularly) formu- 
lae are vahd tf properly integrated over the elec- 
tron path To simphfy the sltuatmn we assume 
that an observation point hes at a distance much 
greater than the w~ggler length 

The vertical component of the magnetic field m 
the vmmtty of the wiggler axis may be wmten as 
follows. 

7~S 
Hz(s) = Ho sm ~ ,  (1) 

where s ts the longitudinal coordinate, 
2b ~s the field variation period length; 
H0 stands for the ma×lmum field 

The electron trajectory m the wiggler may be 
described by the devmuon x(s) of the electron path 
from the ax,s and by the angle x'(s) between the 
electron veloctty and the axis (see fig 1). 

~ S  7 r s  
x(s) = Xo sm -b-' x'(s) = ~o cos -~-, (2) 

where 
eHo b 

~X ° - 7~ E ' 

Ito [kG] b [cm] 
c% [mrad] = 9 5 x 10- 2 E [GeV] ' 

(3) 

~o b eHo b2 
X 0 ~ - -  : - - ,  

~r ~r2 E 

Ho [kG] b 2 [cm] 
xo[mm ] = 3x 10 -4 E[GeV] (4) 

Making use of the relation for the total SR pow- 
er m case of an ultrarelativtstlc electron 9) and ac- 
counting for eq. (1) we find out the electron en- 
ergy lost on synchrotron radlauon. 

W[W] = 1 3 x 10 -4E 2[GeV] Ho 2[kG]l[mA]b[cm]n ; 
(5) 

lr 

P = e"  

$ 
Fig I E lec t ron ' s  path rn the  w,ggler  and no ta t ions  

here E stands for the electron energy m a storage 
ring, I is the electron current, n = L ~ / 2 b  - total 
number of the wiggler periods 

An essential characterlsuc of radiation ts the 
spectral photon flux N().) or the spectral power 
W().) 7) _ taken at a g~ven wavelength ~. m A)d). 
range By integration of the formula for power 
spectrum of the synchrotron radiauon") over the 
electron path in the w~ggler we obtam, wtth the 
account of eq (1) 

~-(2) FPh°t°nsl L - ~  j =1 5x 10 ]3Ho[kG ] nb[cm] x 

A2 
x l imA] r/~,(yo) --:--, (6) 

A 

W().) [W] = 1 46x 10 -2 HoEkG] 
2 n b [cm] 

~.[A] x 

A). 
x 1 [mA] ~w(Yo) -7 ,  (7) /. 

where y = ; .J) . ,  ).c = 4n mc2/3eH,, 72 is the critical 
SR wavelength:) at maximum magnetic field /40, 
r&0' .) Js a universal spectral function of the wig- 
gler radiation:) plotted m fig. 2. 

The spectral and angular d~strlbution of radiated 
power in the wiggler center plane integrated over 
the vemcal angle fl is of interest. It results from 
the integranon of the instantaneous spectral and 
angular dlsmbutmn of the SR power 9) over/3 and 
electron's path m the wiggler with the account of 
~u= d-x ' (s) .  In the case of ~o > l /y  that is of par- 
ucular interest (l e the bend angle in one wiggler 
sector is much greater than the radtauon ibrma- 
non angle) the angular dzstnbutlon of power is de- 
termined umquely by the electron's path in the 
wiggler and the radmted power at angles :~>~o 

7// . . . . . . . . . . .  " . . . .  ' . . . .  

"f// . . . . . . . .  ! 

10 "i 100 I01 102 10 '1 104 105 

Fig 2 G r a p h s  o f  the  umversa l  spectral func t ion  o f  the  wJggler 
radiat ion and ~ts ana logue  m c~rcular rnot]orl 
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vanishes  The  dependence of  radiat ion power nor- 
mahzed  by that  radiated at zero angle I(~., 2)/1(0, 2) 
on the horizontal  angle ..z expressed in t e rms  or" 
l l ' /at  % = 0 0 1  and y = 4 × 1 0  ~ is shown  in fig 3a 
at var ious  values  o f  Y0 

The  spectral and angular  d i s t n b u u o n  of  radia- 
tion power  m the v c m c a l  plane is s imilar  to the 
case of  circular mot ion  There fore  the angula r  di- 
vergence  of  radiat ion m the vertical plane may  be 
de t e rmined  as usual~). 

082  
2flo [mrad]  - E [ G e V ]  ~ ' (8) 

where ~ ( l /yn )  is a universal  funct ion plot ted m 
fig 3b 

The  main  pa ramete r s  of  the SR beam from the 
supe rconduc t ive  wiggler (N~ = 35 kG,  2b = 9 cm,  
n = 1 0 )  to be installed in VEPP-3  ( E = 2 G e v ,  
I =  100 mA)  are p resen ted  in table l 

3. The inf luence of the wiggler 
on particle motion in a storage ring 

In cons~derauon of  var ious  wiggler vers ions  the  
advan tage  of  small  field variat ion period ones  m 

Fig 3 a) Dependence of the normahzed spectral and angular 
distribution of the v.~gglcr radmlmn on the horizontal angle ~. 
b~ the umvcrsal function for SR beam vemcal angle d~stnbu- 
tion 

the SR genera t ion ~s obvious  because  at g iven to- 
tal length these  w~gglers have  a greater  n u m b e r  of  
poles (2n,,.) thus  providing higher  SR beam pa- 
rameters  H o w e v e r  a smal ler  vertical aper ture  size 
is required in 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 bc- 
cause the hehum-cooled volume and the installa- 
tion overall dimensions get less, reducing thc 
stored energy  and facilitating the wiggler opera-  
t ion On the o ther  hand a small  size of  the vac- 
u u m  c h a m b e r  in the wiggler m a k e s  it difficult to 
s tack electrons 

For efficient electrons stack the proposed 
scheme  of  wiggler instal lat ion in a VEPP-3 

l aBL I :  1 

Charactcnshcs ot  the SR beam trom the VEPP-3 supercon- 
ducting ~alggler 

]otal SR power radmtcd m wiggler (kW) 2 8 
SR beam honzontal divergence (mrad) 17 
SR beam vemcal d~vergencc (mrad) 0 4 
Beam s~ze at the SR beam hne exit (ram 2) 70× 1 6 
Crmcal wavelength of the synchrotron radm- 

tton (A) 1 33 
Illumination at the SR beam line exit m the ;. 

range 0 3-3 A (photons/see mm 2) (1--4) 1016 

[ M A C H I N E S ,  WIGGLERS AND F A C I L I T I E S  



26 L M BARKOV et al 

strmght section envisages to store electrons apart 
from the w~ggler aperture using the complete ad- 
matance of the storage nng After storage of the 
needed current the energy is brought up and the 
electron beam of small stze due to damping ~s 
shifted mto the w~ggler by several orbit correcnons 
(see fig 4) 

Correctors are steered so as to avoid orb,t dts- 
tomons m the rest of the orNt. Two addmonal 
magnets at rather wiggler end bend the orbit 
through the angle of ~o/2 thus providing a beam 
posmon independent of the wiggler field strength. 
After the correction the wtggler field is gradually 
brought up m accordance w~th the addmonal mag- 
nets. 

The wiggler magneuc field m the vicinity of the 
beam path can be approximately described by 

t tx  = - H o  s i n - -  sin Z + K x  Z3 + 

rrX nS 
Hz = Ho c o s -  sin x a --ff 

[ rr2(aZ+b2) z 2 +  ] (9) 
x 1 + 2a2b 2 . , 

p_ ) Hs = Ho cos - -  cos Z + Ks Z3 -a- 
a b \ b  

where X , Z , S  are radml, vemcal and longnudmal 
coordinates, respecnvely, a is the effecnve radial 
d~mension of the wiggler, K~ and K, are the mul- 
tlpole expansion coefficmnts of H, and H.,. 

Analyzing the w~ggler field influence on par- 
ttclc dynamics one comes to the evident conclu- 
sions 

1) The eqmhbrmm pamcle travelhng m the 
wiggler wtth Z -- 0 sees only H/,, = 
H0 cos(zrX/a) sm(TrS/b), ~ts path in the 

Sit 

iX.s~ , _ . . . . . . . .  

7 7,.2 7 " "  [-g-]l II D I I 
Fig 4 0 r N t  correctmn layout for m s c m o n  of lhc " ' d a m p e d "  
electron beam into the w,ggler field area 

2) 

wiggler is determined by Hzo (devlattons m 

angle and coordinate X'(S) and X(S) gwen by 
refs 3 and 4) 
The wiggler causes an addmonal focussing, 
the reverse of the effecuve focussing length 
(vemcal plane) is 

-- ( / ) 2 )  
l/Fz U~_~_b_b 1 + --~ n. (10) 

(HR) 2 

The first term m brackets ~s due to the 
fringe field focussing, the second one results 
from non-zero honzontal position of the eqm- 
librmm particle path O.e. at X¢O the sex- 
tupole term in the Hz expansion produces a 
quadrupole field which results m the vertical 
focussing and horizontal defocussmg) 

In the horizontal plane 

n 2 b  3 
1/Fx - n (11) 

(HR) 2 a 2 

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

Eqs (10) and (11) are valid l f F x z > L ~  The 
higher-order mulupoles effect ~s neghg~ble 
cut by h~gh powers of the small parameter 
Hob/ ( t tR )~  10 -2 

The betatron time shifts can be essessed 
from the wellknown relauon 

1 ,qx.z 
AVx.z - 4rt Fx. z '  

where Ava.z ~s ume-shfft of rather horizontal 
or vemcal oscdlanon,/3a.z stands for//-func- 
uon m the unperturbed storage ring lamce 
m the place of the w~ggler location 

The nine-shifts are determined by 

/~x H o  2 b3 
Av x = n, (13) 

4rr (HR) 2 a 2 

Av z [3zHgb 1 + n (14) 
4zr (HR) z -fi 

stands for the number of penods of the wig- 
gler 

The tune-sh~fls are to be compensated by a 
vanauon of the quadrupole lenses exc~tatton 
m accordance with the wiggler field turning- 
on Th~s will be made m the strmght secuon 
where the w~ggler ~s to be located and where 
the quadrupoles are supphed and steered in- 
dividually 
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3) The second-order term in respect of Z in H z 
expansion and the third-order term m 
H x,  H s expansions cause the dependence of 
the w~ggler focussing strength on the vertical 
betatron OSclllat,ons amplitude thus yielding 
OVz/Oa 2 ~ 0 

Terms - X  4 m H/  expansion and account of the 
horizontal excursions of the equilibrium particle 
path m the wiggler give rise to the dependence of 
the wiggler focussing strength on the amplitude of 
the horizontal betatron oscillations therefore 
Ova/Oa2x and OVz/Oa2z arise The cubic non- 
lmeant~es resulting from the wiggler field can be 
esumated readily 

~,vx _ 3r~ # x H 2 b  3 (15) 

0a 2 32 ( H R )  2 a'*' 

&v z _ 37t flz H~(a2 +b2)  2 (16) 
~a.~ 32 (HR) 2 a n b 

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

For the VEPP-3 storage ring with /%functions in 
the wiggler location of fl~. = [3 z : - 2 0 0  cm and wig- 
gler parameters /40- 35kG,  b - - 4 5 c m ,  a - - 6 c m  

e. 

1 
F~g 5 Schemat ic  view of  the  wiggler des ign  

and n = 10 estimates of the tune shifts and cubic 
nonlinearmes g,ve 

~V X _ _ ~  1 . 5 x l 0 - 3 c m  2 dvx.~ 2x10-2 
~ a ~  ' ' 

- -  ~ l x 1 0  -2cm -2, Av z ~ -0.1 

4. Design of the wiggler proposed 
f o r  VEPP-3 

At present the VEPP-3 wiggler is under design- 
mg and model testing. 

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

The wtggler design schematic view ~s presented 
in fig 5 According to stacking technique de- 
scribed above the vacuum chamber sector (6) m- 
side the wiggler consists of two adjacent parts dif- 
ferent in vertical aperture size The smaller one (5) 
inserted m the superconducting magnets field 
The provisions are made to cool the vacuum 

o :oo 200 -- 
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TAI~Lt'; 2 

Paramctcrs of the superconducting magnets 

blttgnetJc field amphtud¢ on beam axis (k(1) 35 
Number of the superconducting magnets 40 
Number of the field variation pen,,xls 10 
[:leld half-period length (cm) 4 5 
The superconducting ~mdmg overall dmaenstons (cm) 

along beam hnc 4 5 
across beam hnc 6 0 
height 3 7 

I)es]gned current density (kA/cm 2) 3 2 
lo ta l  energy stored (kJ) 20 
Cable dtamctcr (ram) 0 7 
Opcranonal current (A) 220 
Magnet pole gap (cm) 1 5 
Vacuum chamber ",crt~cal ,~perture stze m w~gglcr (cm) 0 76 
Tot~tl length occuptcd by field qm) 0 9 

c h a m b e r  walls wtth ltquld mt rogene  so as to insert 
the c h a m b e r  into the magne t  gap w~thout mter-  
stttml heat  shield 

The  magne t s  are m o u n t e d  in a he rmcnc] ty  shell 
serving as bearer and hqmd h e h u m  tank T h e  
shell ~s fixed with hangers  (7) ms]de an evacua ted  
hous ing  (1) 

The  pnnctpal  pa ramete r s  of  the wiggler super-  
conduc t ing  magne t s  are quoted m table 2 T h e  
magne t  w m d m g s  are made  of  multtw~re NbT] 
cable wound  around an oval ~ron core The  con- 
tnbut~on of ~ron to the magne t  field on the axis 
a m o u n t s  to 8 kG prov tdmg the reason to use ~ron 

msp~te of  occurrence of  the field map  depen-  
dence on exc~tanon current  

For windings  f a b n c a n o n  a partly stabd~zed cable 
~s chosen  wtth critical current  densi ty  of  
55 k A / c m  2 at m a x i m u m  field of  55 kG m the 
windings The  windings  are connec ted  m series 
The  electric stabd~zanon o f  the sy s t em ~s provided 
by a proper cable choice w~th small  enough  w~res 
d m m e t c r  ( 1 5 ~ m )  and use of  m o n o h t e  m s u l a n o n  
made  of  t]berglass t tssue tmpregna ted  wtth com-  
pound  whtch prevent  winding shifts The  coil 
te rminals  and their connect tons  are made  of  dou-  
b le -secnon superconduc tor  w n h  extra stabilizing 
coating 

For pre-select~on of  magne t s  after  f abncanon  
they are installed m groups of  4 on the s tand 
shown  m fig 6 which Js a model  of  the magnet tc  
track The  s tand ts p lunged tn hqmd  h c h u m  to 
measu re  the winding cnncal  current  wtth the field 
map  tdenttcal to operat ion con&t~ons At present  
the w~ggler superconduc t ing  magne t s  are under  
f abncanon  and test ing 

Finally consider  the problem of  electrtc and heat 
p ro tecnon  o f  the superconduc t ing  w~ggler w m d -  
mgs m case trans~tton into the normal  state. To  
m m t m ] z e  hqmd h e h u m  l]ow rate ~t is desirable to 
have  only one parr o f  f eed th rough  and to connect  
all magne t s  m series. Small cable d m m c t c r  is op- 
honed  H o w e v e r  ff loss of  s u p e r c o n d u c n v n y  oc- 
curs tn one of  t h e m  the total energy stored can 

F~g 6 Stand for magnets testing 
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d~sstpate locally causing overheating of supercon- 
ductor or overvoltage To avoid such a dangerous 
s~tuauon the wiggler ~s separated m secuons each 
protected by a St d~ode cooled with hqutd helium 
(fig 7) It was discovered experimentally that the 
current-voltage charactensuc of a usual S~ d~ode 
at hehum temperature d~splays a threshold w~th 
the threshold voltage from 5 V to 100 V and over 
depending on d~ode type, It ~s similar to that of a 
dymstor UtlhZaUon of the scheme of fig 7 en- 
ables the use of windings made of thin cable in a 
great number of magnets connected m series, 
therefore stmphfymg the w~ggler supply and reduc- 
ing the hqmd hehum flow rate 

5. Conclusion 
At present the VEPP-3 storage nng ~s shut 

down for 6 months to prepare its operation as the 
VEPP-4 rejector 

At the same time modermzatlon of some sys- 
tems ~s under way A new vacuum chamber ~s de- 
veloped and manufactured for the long strmght 
section to install the superconducting wiggler The 
operauon of the superconducting w~ggler is to be- 
gm by the end of 1978 

M, M~ M, M-- M--, M~- 

B N N 
F]g 7 Electric diagram o1 the superconduchng wmgmgs pro- 
tecnon using S~ dmdes 
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