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ABSTRACTS

For high energy Linear Colliders the method of obtaining of
polarized particles with help of radiation from helical wiggler
was proposed few years ago.

In this paper there 1is represented new calculations,
connected with choice of the optimal parameters of undulator for
conversion system. There is described the influence of structure
of undulator, influence of the distance from undulator to the
target, perturbation of emittance.

There was made estimations of parameters of undulator for
testing at SLAC linac.
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AHHOTAU KA

MeTonh TIIONYyYEeHHUA TIIONAPKIOBAHHBLIX YaCTHI [OJA HCIIOJb30BaHHA B
JIMHeHHbIX KOJIlaikgepax C MOMOmLI0 M3JIYVUEHHA M3 CHOHPAJIbHOTO OHAOYJIATOpPAa
6bly1 MpeaJIokKeH MHOIO JieT Ha3zagl.

B 3TOoK paboTe TmnpencTaBiieHbl HOBbIE AHAJIUTHUYECKHE BbIUMCIIEHUA,
cBA3aHHHe C BLIGOPOM ONTHMAJLHLIX IIapaMeTpoB  OHAyJIATOpa - IiA
KOHBEPCHOHHOMK CHCTeMbl. H3y4YeHO BIIMAHKE CTPYKTYypbl OHOYJATOPA,
chenaHbl pacyeThl BEeJHYMHb BO3MymEeHMA DMHUTTAHCA, pPacCcTOAHUA OT
OHAOYJAATOpPa A0 MHIMEeHHM ¥ T. O. ' '

ChoeyaHbl TaKXKe OlEeHKH TIapaMeTpOoB OHAOYyNATOpa HOJA BO3MOXHOTIO
TeCTHPOBAaHKA MeToha Ha JNHHeHHOM yckopkTene SLAC.

1.INTRODUCTION.

Polarization 1is very important parameter for high energy
physics. A lot of papers contains numerous descriptions of this
subject. At that time when there are few proposals to obtain
highly polarized electrons and experimental data (see for example
[5] ), obtaining the polarized positrons for the Linear Collider
was still open until 1979 [1], when there was invented the method
to provide polarized positrons (and electrons) of necessary amount.

On Fig.l there 1is represented the components of the
conversion system [1]. |
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Fig.1l General layout of the Conversion System.

The method is that circularly polarized photons are converted
into positrons and electrons in thin heavy material target. At
the top boundary of energy spectrum that provides a high yield of
longitudinally polarized particles. ' Circularly polarized photons
are radiated by 1initial particles (' or e”) in helical

undulator. So, here we use correlation between energy and




pclarization of the particles, and for separation of the polarized
ones it is necessary to select the particles with highest energy.
Unpolarized particles can be used as  initial ones and after
their passage through undulator they are loose only about 1.5% of
its energy. Minimal starting energy for normal operation of this
conversion system is about 100 GeV. This level mostly defined by
the minimal possible period of the undulator, which is enable to
fabricate with limitation of minimal aperture of the undulator.
The mean degree of polarization Cz (see page {7 ) of created

positrons or electrons by radiation with polarization 52 is

do‘(E'z,,E*_)
[ C"(E+'€2) dE o
< C"} 7 dCT(E?,E_*) (
[

where do/dE  1is differential cros-section of‘tﬂua'pair production
and the integrals are taken from maximum of energy of the posi-
trons ETax = E?— thc? down to the spectrum of energy. The functi-

on g, (E &) is practically independent of energy and (,(E ,E)) =

iR

£ f(E+,E:x) [(8]. So it is desirable to have £ factor as
high as possible. After preliminary acceleration in RF structure
and final separation over energy, collected particles goes to
damping ring for preparing low emittance beam. The prototype for
such damping ring is described in [10].

The very first numerical calculations of the efficiency of
conversion and degree of polarization using Monte-Carlo method
were made in [2]. In [3] the results of testing the produced
models in natural scale of helical undulators like impulse and
superconducting ones are described. Full description of this
subject were made in [16].

Now the method of conversion with wiggler radiation is also
under consideration at DESY [4].

Here we summarize in one place description of the properties
of the radiation and some ideas of the undulator design. The

formulas are easy to use in codes for calculations with PC’s.

2. PROPERTIES OF THE UNDULATOR RADIATION

Here we mostly used the results obtained in previous papers
(7,13,18 = 20] described Undulator Radiation, but accommodate its
for usage in conversion system of any Linear Collider. Mostly it
concerned by approximation of the functions of radiation for the
case of extremely high energy and representation of the results in
convenient form. So we begin with consideration of the properties
of Undulator Radiation (UR).

The mostly important parameters are:

—_— — 2—
B = pl/y, P = ethﬁ/ZHmc = 93.4 Hl[Tesla] hu[m],

1
H = is the intensity of the magnetic field of the undulator, Aaj is
the period of the undulator, ¥ = E/m(}c2 is the relativistic

factor, Bl is normalized transverse component of normalized

velocity of the particle, g = v/c, B, is longitudinal component

of normalized velocity B, = B v/lrﬁi/ﬁz :

Typically, the vacuum chamber is the tube of round cros-
section, so it has the threshold types of propagated waves. Each
type of this waves has its own distribution of the field in cross-
section. In principle here can occur condition for coherent radia-
tion (for example back radiation with wavelength of Ah/Z), but we
shall not consider this subject here.

The amount of energy of the UR emitted by the relativistic
particle in the helical undulator on the n-th harmonic € in the
unit solid angle at the angle @ to it’s axis, the compo;ents of
the energy circularly polarized in the pcasitive (+) and negative
(=) directions of rotation, the frequency w_ and the degree of the
circular polarization of the radiation ¢, are defined by the

expressions [7,13] (see also [11])
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F ~F (1+pi-92) Jn(nr)J;(nr)
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where 2 1+Pi"@2 2 :

Fn(Plre) = Fn++ Fn— ] Jn (ne) + Jn(n*) '

2p. ©
1
: i 1+pf-®2 £
F .(p,,8) =3 |J (nx) ¢ J (nz) | '

2p19 )
Et = 41r1(ezm'2pf/3c: is total energy, emitted by the particle. in
the undulator, w = 2nQ'a'2/(1+pl)2, Q = 2mc/a, is the frequency

n max

of the oscillation of the particle in the undulator, € = 76, 8 -
is the angle between longitudinal coordinate and direction of

2pl9/(1+pi+92) <1, J; J 1is the Bessel’s
function and it’s derivative. K 1is number of periods of
undulator, K = L/hOr L is total length of undulator.

The values

observation, =2

The derivative of the Bessel’s function can be found from
the relationships

FJox)e= T ) i== F _x) =

n
n n-1 X n+1

n
g e S R G

The degree of circular polarization of the UR emitted at the
angle @ has one sign at all harmonics n simultaneously and changes

the sign when crossing the angle @ = @ = 1/1+pi. It decreases
from E'Zn= 1at ® =0 to £ =0 at @ = ® and then to Eenf‘. =1 ar

2n

® » 1. At the angle ® = ©® the UR has linear polarization.

The angle 8 = e corresponds to the angle 6 = m/2 in the
reference system moving with the average velocity of the particle
in the undulator. In this system the particles trajectory is the
circle and the UR turn into SR.

max

The frequency of the UR takes the maximal value w at the

n

angle © = 0. The deviation of the frequency from maximal value 1is

less than 10%, when the angle 8 < 91/ 3%
Energy of the photon, emitted on the harmonic number n is

2 E
E'a'n g hwn T 21‘!293’2 - = 2 !
1+pi+® s e _
| 1+pl
where E;ix= nE;?x. and E;?x = ZhQ’;rz/(1+pi) is the maximal energy

of quantum, emitted on the n-th and first harmonics correspondly.
The n imber of the quantum, emitted in the undulator on the
harmonic n in the unit solid angle is determined by the relation

2 2
ff!ﬂ _ dg“- 4ankK Bl B
- = ey
do E?n do (1+pi+®z)z
where o = e%ﬁm:ﬁ 14137
According to the formula for enerqgy of the photon, the angle

®, the frequency end energy of the quanta are connected by the

relation
/ 2 w:ax / B
0. #=8(p.;8) = V(LD ) [+ o B 7 V(l4pa)ld .= B) /8
where s = wn/w:” = E_ / E,';::'c is the relative energy of the
photon.

It means that the last relation determine the dependence of
the values dE; /do, d@ni /do, dN? Vile = Eznon the freguency or on
energy of the quanta.

In accordance with the previous expreséions and the
relationship do = 11::1(-312/7,«2 = - n(1+pi)ds/sz/3'2, the spectral
distribution and the degree of circular polarization of the

emlitted photons are

e e Py 2s5-1 Jn(m”;(m’) b
2n 4
P, /fs(l-s) By el

~ :
2p V' s(1-s)/(1+p)),

It

where »

1+p (25-1)2

J° (na),

n

- — ’2
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The previous formulas are valid in all cases, and now we

shall consider some modification, connected with the assumption of

low P, factor.
In the approximation z « 1 (p « 1 or/and @« 1) we shall use

the expansion of the Bessel’s functions

7 (%) = Z A [g]mzv iy 32(.]“ 1y [g]n+2+_” |

o v!I'(ntv+1) n! (n+1)d

First term here describes the Bessel’s function Jl(x) and Jz(x)
with the accuracy, better than 10% when # < 0.6 . The accounting

the second term increases the accuracy to 2%.

In that case the expansion of the Bessel’s functions to an
approximation of v 1 leads to the functions F (p,.9),
£ (p,®) and F _(p,,s), &, (p,,s) of the form

2(n-1)
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on (1+p ) ‘10!
- 1 9 - ,
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In dipole approximation p« 1 and for the harmonics n = 1,2:

1 4

A 1. 1+0@ : 1+6@
F (0) = 5 — , F,(8) =2 (p®)° —
(1+0°) (1+0°)
1-8°
Eln =lLg S ’
21 o 2 l+@4
F (s) = - (1-2s+2s), F (s) = 2s(1-s)(1-2s+2s°)p_,
25=1
S (B E (8 = .
t = 1-2s+2s°

This function 1s represented in Table 1.
Table 1.

0.6]0.7 ] 6.8 | 0.9 ] 1.0
.38].68 [0.88 |[0.97 | 1.

& 10,0 0l il 0.2 L 0.3.] 6.4
£2 |-1.|-.97 |-.88 |-.68 |-.38

0.5!
0.0

It is clear, that it has point antisymmetry around s = 0.5

In case p « 1 expressions for spectral distribution becomes

»::’t'!'«!ﬁ1 2T Kpi 3 dN , 8na KPL X
o S —— (1-2s+2s°), e —— s(1-s) (1-2s+2s°)p°,
ds (1+pl) ds (1+pl)

where © =@(s)=((1+pi)(1 - s)fs)iﬁ{ For angul:r distribution we

obtain (do = nd@z/a'z)

2 4
dN P (1+07) - dN p. (p (1407)
L = 20K T — = 16aK —— o —
nd® (1+pl )(1+@ ) nd® (1+pi ) (1+0
The number of the photons- emitted by the partic. in  the
undulator on the harmonic n 1n the range of angles (0,0 nad the

corresponding range of the relative frequency (1,s) 1is

1 4N pz

e an i
AN?n(pl,s) = I = ds = 4nankK 3 @i(p ,S) (2)

S
1
where @n(pl,s) = J‘Fn(pi,s)ds.
In the approximation » « 1 for the harmonics n=1,2

P _ 2 I
(1-s) (2-s+2s%) - = (1-3) (= + = - = + =)

2 (1+p°) I s

o

® (p,,s)




P 2 2 3 _
® (P, .185) == l - ({1*=5) [ {14+ 28"= 28 4+ 489)
i 10(1+pl)
20 p2 .
.2 3
- Jbz (]J'Ei} (?{E + %;Su'+ 'EEE - 5 + 2s )]
z1(1+pl)

The total number of the photons, emitted on the first harmcnic

according to previous relation 1is

p° p°
aTtK i1 2 1
N = AN__(s=0) = [1 = 5 ]
1 3 2
71 4 1+pl 1+pl

On Table 2 there is represented the number of the photons on

the first and second harmonics for different P, and s factors.
Table 2.

pPLi = 0.7 0.5 103D 0.2 0.1
~AN1 87. 1562 31.9[11.6 3.0
S ANz | 38. |14.6 | 4.3 |0.54 |0.036
AN1 13", Bh D 1.4"171.59 1041
$=0+3 I~ T 1.6 | ©.59] 0.18(0.0> |.0014
In <the case P, » 1 (the case when particle has the

relativistic velocity in the moving reference system and emits the

syncrotron radiation) the value N_ can be represented in the form

n
6
-2/3
2V 3 T(3) « Kn

Notice here, that the value N?1 estimated by the expression

/3

I
IR

- 3
3.24 o K n° ( n « P, )

N
v

n

for N in the case p, » 1, 1is only 30% less, "than the value Na,1
?’1 L L]
estimated by the exact expression 1n the last formula.
In the conversion system the monochromatic source must be
used. The energy of the photons emitted on the first harmonic must
: . . ) max
not differ more tan 10% from 1t’s maximal value E1 and degree of
circular polarization must not fall below the vc ue 52 = 0.9 . For
this purpose it is necessary to collimate the ¢ ission angle by
: ]
the value 8 = 8 /3. | : |
Let us take for exampile, Pl 0.5 , K= 10". 'n this case,

according to (2), for full spectra ANW1(5=O) = 56, AN (s=0) = 14,

AN (s = 0.9) = 8, ﬁN?Z(s = 0.9) = 0.6 .« This yield:s that the
71 5 N | :

collimation of the angle by the value ® =0 /3 (s = 0.y, Jlecreases

10

the relation f!\l*i,‘r;z/ﬂ.N?’r1 at the converter from 27 % to 13 %
Decreasing of the P, = 0.35 improves this ratio to more acceptable
value 4.2% , but also decreases the number of emitted photons
ANyl(s = 0:9) from 8 t6 4.5 . The number of the photons emitted

in these conditions can gain only by increasing the number of
periods of the undulator K.

Spectral-angular distribution of the UR energy emitted by the
particle on the n-th harmonic when the finite number of periods
K is taken into account is determined by the expression

a%e 38
ba K 2 sinc®e
dw do W, do n '/
where S:‘Ln-c:'»::rrl = Sin(crn)/ Gt T o= anko - wn)/wnl . The value

Sinc%nf:(uﬁ/K) 6(w~wn)'when A, s A

Further we shall consider the case, when the distance from
the end of the undulator to the observation point, located on the
converter, 1s compared with the length of the undulator Klo. In

this case spectral density of energy of the UR, illuminating the
converter ( dS = R%kn

Y
628 - €

o5a = E%; [ ®%8) 2 stw-w_(8)] ay ,
yl
where y is the longitudinal coordinate of the emission point of
the particle in the undulator, Yor ¥, (yizry%) is the coordinates
of the beginning and the end of undulator, the value y = 0
corresponds to the converter’s one. The angle ® is connected with

the transverse coordinate r of the observation point on the
converter by the relation

® = -7 Arctg(r/y) = -ar/y

According to this last two relations, in the approximation
R(O®) == vy, dy/ygﬁ -d®/yr, we can obtain
C)

°6_ - " o8
3w S KA _or ,[ 3o Olw-w (8)]dse,
e
i
where @i' o ;rr/yi, @r, = "n'/yf.
Using the relations B[w-wn(@)] = G[B-G(wn)]/(awn/a@)) we can

11




represent last relation in the form

5°€ 6€ 7°
n t

dw 88  m PalP jeles) (3) | S
where 1 2 1F\/ s
whe = -
; 0. o B) | re q(p,.,r) = = =~ E (p i8) ds
n Gl
P (p,, T 8) =gy | — 55 3 (w-w, (@) de = - . =,
0 @1(1+pl+® ) e number of the phtf}to.ns emitted by the particle in the
i F (p,.s) range szz radii (0,r) in approximation © « @ or r « r =
& max ez 5 4 i (1+p1) Yf /¥ 1s
ZKluwr ®a (1+p1.) 1-s
h AN = Mo 4mayp;
when s, :xs < s and Pn(pl,r,s) = 0, when s <s, s > S, | y' = 2T 355 rdr = —— Qn(pl'rm)' (4)
s = w/w o, | : R, %o
' where
2_2 2
s, = 1/[1+7°r7/ (1+p0)y;1, s, = Y/ [14°T7/(1+p)Y,]- o
* i =
The function Pn(pl,n) in the approximation # « 1, ® « @ or Qn(pl,rm) Jﬂr qn(Pl,I‘ ) dr,
* 2 . :
= + i ' : :
g & ati (1+p, )Y /% & 28 ) r 1s the radilus of the converter. In this approximation we have
5
1] 1 2 2 3.2
P_(p 2 ). = [l s 2.3 (o e @1)]' = ! - - e P
” (1+p°) Y, Y, 3 (1+p°) %5 = [y_"'f‘] - o [1+§__iz ][l__}_], |
v'/1+pl £ t 6 (1+p)) 1+p| yi y? i
According to (3) (page 12) the photon flux of the undulator
2
radiation at the point of observation, determined by the ragil T, Ll oL ST [ 1 1 ] 5 o°r? . p? : !
. . . : d n gl 7 : Sl IS e - = s B o L ][ 4L _:_I._ ]
is distributed in the range of relative frequency/enerqgy S -S_. ] 5 = ‘/l+pi b i 24(1+pi)1.5 [ 5 l+pf Y? y3 . l
i |

depends on radii r, the distance from the undulator to the
converter Yy _, and the length of the undulator Kia_ = Yy - ¥y . The
degree of circular polarization Ezn(s) defined by (1) (page 7) ST o Pi Y,

s

Accordingly in the case r = r’/3 (or O= 8 s > 0.9):

2
{5t on )5+ (9)])

Tt follows from last expression, that the number of the

corresponds to every frequency of the range. ANau: 2
- 9(l+pl) AO

According to (3) the photon spectral flux density 1is

<] <
o

2 :
azNg'n i 328n rzi:‘:?i" / ZS , 8= 858 PI;;JtOI;xS,t-emitted by the particle with t‘hi degree of circular
3w 88 E’I 8w 8S ; (1+p,) (1-8) - ?ncarlz? e €, > 0.9 on the area mn(r )” increases with the
: ;B RE Ty el reasing of the length cof undulator and has a finite limit. The
correspondly the photon flux density e{?f?ctive length of the undulator is Khos[yr]. It means that the
max | minlmum distance from the undulator to the converter must be of
aN?n e 88.'“ ) n 32N3’n L 2a7pi ( o the order o.f the length of the undulator or larger : }fa: Yi-yr -
58 ~ hw 38 ]’ 50 S (l+pi)1'5 3\0 g\ = KAU. The 1nstallation of the undulator on the distance Y K)LO

5 ; decreases the value AN‘}n two times in comparison with the case y,» |

» KA .
0

The perturbation of emittance of the beam during the motion
through the undulator is negligible as it can be pointed out from
the analogous calculation made ir [8]. The rate of emittance

12 '
13




growth due to radiation 1is

Ae = <H> I (E,{/E)2 (dN, /dE_)dE,

where H ==—j;(n-+ (B n° = - B’n)g), brackets <...> means average
Bx ' 'x X X - "

over period, B - is envelope function, T is dispersion

function, and derivatives are taken over longitudinal distance.

Last expression can be rewritten as

max
Z [hwn ]2 J‘ : dN‘J’n
Ae = <H> = = ds.
moc ' { ds

n 0

For <H> we can estimate [8] <H> & % B pi/wz, where B is Bx
averaged over period. Here we can take into account only first
harmonic
2
dN11 4 e Kpl 1 1+0"°
il - ’
ds (1+p°)° ¢ ' (107’

where © =e(s)=((1+pj)(1 - s)/s)'? and estimate

40°Q% " na Kpi ] A
¢ 0.411 K B

ol =

Ae <H>

IR

2Ir - 2 A
75 h T

2.2 2.4 A 2,4
(mcv) (1+p) 0 (1+p))

It is evident, that this perturbation is small.
When particle goes trough undulator it lose its energy by the

low (dl - along the trajectory)

dy 1 d@t

L - 2 2
at S Bt an i (p.L/*O) ’
m C

where * = 10/211. This yields, that energy of the quantum also
changes from the beginning of the undulator to its end. This
difference may be up to few percent. To compensate this effect 1t
is possible to change the period of the undulator accordingly the
losses of energy.

The betatron motion is not considered here, but in [12] there
is represented consideration of this question. Some calculations
and experimental data with helical undulator are represented in
[24]. The general output of this paper 1is that the pair " of
undulators can eliminate perturbation of transverse motion of each

other. So, some procedure of installation of the parts of the

1

undulator will be enough for normal operation ofwhole = 100 meter
long array of undulators. This question will be illuminate in
other place.

3 .CONVERSION OF THE UR TO THE LONGITUDINALLY POLARIZED e', e .

Here we obtain analytical estimation of conversion
efficiency, using the formulas of previous chapter.

The differential cros-section of the pair production [6]

do(E,,E) 4« Z(Z+1)r,

]
a.E+ E -2m cz
¥ 0

where Z is the Atomic number of the nuclei of the target, r_ =

IR

max
G(E, ,E )

= ez/mmc:zlIr G(E ,E') is the universal function of the ratio
E/E" . Here we shall use an approximate expressions for this

function, see later.

The number of the photons in the converter falls with a depth

T by the law
N_ (T)
N, (0)

where T =y /XO, Yy [g/cmz], is longitudinal coordinate, measured

= exp(- 5 T),

as fraction of radiation lengths X s

1

IR

X 4aZ(Z+1)NAf1r2.ln(lBSth) [cm°/g9],

R

here N 6 10> is Avogadro number, A is the mass number [12,13].

The number of the positrons produced by one photon 1in the
media layer of the thickness dt at the depth of T at the initial
energy E_per energy interval dE, is

da(E?,E+)
dE

+

2
o = XN exp(=- £ T)
6E+31: A p 9

Let us take into account the process of fluctuation of energy
losses in the media.

The probability WdE , that the positron with initial energy
E, was produced by the photon at the depth of T in the converter

of the thickness 8§, and at the exit of the converter has energy 1n

the interval from E to E + dE , is described by the formula [17]

15
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o0=T

E a5 -1 -1
ks o+| 1n2 O~T
W - = AT
(E0+,E+,6 £ E [ 4 E ] [I“ [ in2 ]]
O+ + : /
where I'(p) = J‘Exp'le'xdx, and 8 is also measured as partial of the

radiation length.

The number of the positrons produced by one photon of the
energy Ea, in the converter at the initial energy E{:I < E?r per
energy interval dE and coming out of the converter at the energy

E per the energy interval dE, is determined by the convolution of
the previous expressions:
3°N 8°N
5% .0E. .. J 38 at "W(E,(E ,8-T) dt =
+ 0+ +

4aZ (Z+1) NA'lr‘E

= G(E ,E) I(E_,E
E -2m c° o 0+
Y 0

) 1

+

d

7 . . ‘
where I(EmﬂEﬂ) =0I exp(- ;t) W(EmJEa,a—t) dt 1s the probability

integrated over the target.

So, the number of the positrons that comes out of the
converter in the interval dE  around E , when the UR photons

emitted by single high energy particle in the undulator on the
harmonic n is determined by |

dN 8°N 8°N
— = J : I 4E dw ds
dE ) 3E_3E_ w8 0+

+

This expression can be rewritten in the form

2
W, e'pl R ELF Y iy L) o
dE %
- hcyln(183z7'7%) (1+p%) 172
where
S ma x

i E

r
R J.md J FH(S) + ety m a
= r ds'| G(BE B ) E(E.E ) dE
n ‘ (5(1“5))1‘{2 0} + 0 +
s 0

O+'

Remind here that E™ = sg™** - £ =
a E+ SE';n 2 m.c, si’r su_ (r,yi,yr).

Now we consider the expression for polarization.

As it was mentioned, the degree of longitudinal polarization
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of the positrons or electrons produced is determined by the
expression [8]

max

g, = £, £(E B,

where 52 is the degree of circular polarization of the photon,

max

f(E ,E™*) 1is the universal function of the ratioi, of .initial
+ O+

energy of the produced positrons E£+tc the maximal energy of the

positrons EET‘ A 2mocz. To an approximation of ~ 10%, the
function
Emax —'E 5
max o O+ 0O+ max
f(E ,EP™) =1 - 2 [ e ] , when (E__/E™™) > 0.5.
0+

max

The wvalue C” tends to 1 when Ez = 1, and (E:*_/E+ ) = g0 Phe
, max
value {, ~ 0.9 when (Ezj"-— Em)/EEj"-v 0.22; or (B /2 ") 0,78

The change of the value (¢, in the process of changing of energy

of positron from E . to E, in the material of the converter is
negligible, cause the length of depolarization is abcut 3 X, This
yields that the degree of the longitudinal polarization of the
positrons at the end of the converter at the energy E, is
determined by averaging of the Cu(EmﬁEy)

2

E.-—Zm ¢cC
= rrm = Ez (s) ' * dEo+
ZJ er‘ - Fn(s)ds-[ £GI—
S / - E 0+
_BUEsEING £ s(l-s) -
C"(E_'_) = 2 ’
A I o
WA N Pieyds & dE__
Z j dr J n J £6 1 —
) O+
n=1"1p S st(l-s) +

The function F (s) determined in previous chapter ( (1), page/).
n
Let us approximate the functions f, G,I from the formulas of
polarization and R from expression (5).

As it was mentioned, the function f at E > 0.5 ET“, can be
represented in approximate form

Emax

1 - 2 [ iy

sE

f

e

- 2m ':'.:2 -E 2
0 O+
max 21 cz ]
on 0

The function G depends on the matter of the converter. For

IR

example, for the case of “°pb and energy E;y 5()1’&{}*:::2 it can be

represented in the form
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([ 4.75V 1-7 , 0.89 < = 1
G4 1.55 - 0.11 = 7n = 0.89
i 4.75V 7 - g =8 < 0.1
s max 2 o max _ 2
where 7 (SE?’n Zch Em)/(SE;rn 2moc ) I

Now let wus estimate the function I(E+F%H)' It can be
rewritten in the form

a
G+'E+) = g JE Y(:E:[ZM-""E+)"

+

I(E

1 E0+
\E8) = J I dE ;,

o+’ T+

where Y(E

E+
The function Y determines the share of the positrons, produced

with energy E ., . that have energy in the interval (E+,Em) at
the exit of the converter. Specifically the values Y(Emeﬂ+) = 0,
Y(E+== 2m0c2) = 1 independently on 8. For A = 0.1: Y(éd »0) = 1 ,
Y(6=0.1) =0.9, Y(8 = 0.2) = 0.75 , Y(8=0.4) = 0.56 . It means that
at thickness 38=0.1 only 75% of the particles produced at the
energy interval A = 0.1 remain at this interval.

Cause the losses of energy on bremstrahlung [17], the target
must be thin (8 « 1). In this case we can get

[r(8=)] - (55):

Correspondly, the value I can be presented in the form

i
exp(~ I t) = 1,

IR

IR
Alnz 1n - + 1n2
I =
2
(E_ =E ) 1n°A
E -E
where A = In g* s

O+
In case when (E0+-E+)/EO+« 1 the value A

correspondly, the value

IR

(E,,-E,)/E_ and,

E SO
o+| . 1n2 s gk TR
Y[ E ] =SIns Nt AT

L5

Notice, that for very thin converter & < 0.1 we can get the

value I[ Emj = o(kE_ - E J), and hence Y = 1.
. O+ +

+

The number of positrons that will come out of the converter

with energy in the interval (E+;§Tx) can be represented in the
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form
2
ma x inla r
AN (E ,E ) = s !
N cyln(183z h@) n
max r Si ETEI.}C
' ; Fnds maix
where I‘n = [ Rn dE+ = [ dr ' y G(E0+,E+ ) Y(ED+,E+) dEm
. < V(s(l-s)
f +

The last expression defines the conversion efficiency of the
initial positron (entering undulator) to the positrons produced in

the media and accepted by the next accelerator in the energy

max

interval AE = E sy -
+ 0 +

¥nm
For very thin converter the value r; becomes

r S
m i
T Idr f /(1:) F (s) G(s) ds ,
0 Sf_

1
== 2 max 2 .
where G(s) =€IG(E)dE, El = (EH—ZmOc )/(sE? -2m C Y E+1 is
1
the lower energy of the produced positron beam that is accepted by

the conversion systemn.

In the simple case of the thin ®*pb converter, monochromatic
radiation (s = 1, 1 - s « 1) and wide energy interval
BN il > 0=k (BT A (s 8 2a040) tBhe value Ty < Qné(l)/n and
the expression can be represented in the form

ma X
+

) aprTa* Q G(1)3
AN, (E '~ B s

% cyn 1n(1832 ' 7°)

( Q is determined by(4), page 13), G(1) = 1.55(1 - £) - Bor n =1L,

r = kr = k(1+pl)”qyf/w according to (4), last relation can be

m
represented in the form

2nak°KG (1) 8 pt oy
ﬂNﬂ.# =173 g 12 R
In(183Z BRI
4
o P Y
=3 10 ° Kk° K8 - el
1 + P, i
4 ; o —
PO TR S g L I Ry d = 0.2 , P oY e 2yr— 21{}\0,
£, = 0.7 the conversion efficiency is ANH = [l L N

For increasing the conversion efficiency it is possible to
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use few thin targets and accept secondary particles from each

of them in longitudinal phase-space [16].

4. THE HELICAL UNDULATOR DESIGN.

For obtain helical magnetic field the double helix with
opposite supplying currents is more convenient one [11,12,2,16].

The other types of undulators for helical field forming are:
The undulators with circular polarized electromagnetic waves
[18] and the Undulators with strong elliptically polarized
magnetic field and undulators that form the superposition of two
st'reng helical magnetic fields with multiple periods permit to
produce more hard circular polarized undulator radiation on higher
harmonics [21-23].

The main output of considerations of the field distribution
in helical undulators is that the minimal wavelength A can be of
the order of the aperture [11,12,16,24]. Generally it yields from
the dependence of the transverse magnetic field H (supposed
constant in previous calculations) of the transverse coordinates,
proportional to KﬁJ(r/*b) and value of the field strength on the
axis as

H
1

IR

L[ 2 g2 v x|
_ * % *o y
where a is the radius of the helix, I is the current, K/ and K,
are modified Bessel functions, which decreases exponentially with
increasing the ratio a/i—o. So it it 1is necessary increase the
current in the helix also exponentially, for saving H constant.
There are few general items which define the minimal diameter
of the aperture of the undulator. First - the emittance of the
beam which provides the beam size in the undulator end, hence, as
minimum 10 o aperture, where ¢ is RMS of the Dbean. Second -
limitations due to resistive wall instability of the beam in the
chamber of the wundulator [14]. Also 1important item for
superconducting undulator 1is simple heating by the image
currents and by radiation of the particles at the angle © > O,

especially for the downstream parts of the undulator [1l6].

2()

In [3,16] the manufacturing technology and testing results
are presented for two versions of undulator unit sections, 1i.e.
the pulsed air-core one with the period A,= 0.6 cm and the axis
field amplitude H= 6.0 kG and the superconducting one with the
period A= 1 cm and field amplitude up to 5 kG.

- 2 |
— o rﬁ'
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Fig.2. Super conducting undulator core design.
1-turns of the winding, 2-core,3-vacuum pipe,
4-end part, 5-core assembly, 6-yoke, 7-helium pipe,
8-end screen.
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Fig.3. The calculated curve and experimental results with
the super conducting undulator. On x axis - total
current, on left y axis-field on the axis of the
undulator, on right y axis -the Plfacter.
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More attractive is the undulator with the superconducting
coils. One of the most promising features of this one is that its
normal operation is available irrespectively of the repetition
rate of the whole complex.

The superconducting undulator testing section has been
fabricated with the bore diameter 6 mm, winding radial and
axial sizes of 5 mm and 3 mm respectively. The coils form a double
helix wound in helical slots of the iron core which contributes
to the field generation. Each coil has 15 turns of the wire 0.7
mm dia. To improve thé field configuration the coils and core
are closed in the iron yoke (see Fig.2). The winding 1is
impregnated with the epoxy compound loaded with aluminum oxide or
barium titanate and then is monolithically hardened.

The section has been tested after fabrication in an immersion
cryostat. The two types of power supplies has been tested, usual
and with help of superconducting transformer with captured flux
(16]. |

On Fig.3 there is shown the calculated field on the axis of
undulator and with pdints there are shown experimental results.
The field amplitude of 5 kOe on the axis is attained at supply
current of 400 A i.e. at 6 kA turns total. The field was measured
with Hole probe in liquid helium. Here there was also measured
longitudinal distribution of the field on the axis of the

undulator.

5. PROPOSAL FOR SILAC ACCELERATOR

Linear accelerator SILAC has maximal energy about 50 GeV,
number of particles N = 5 10'%, emittance ye = 3 10~° rad cm.

As it was shown, energy of the quanta radiated in the
Undulator is equal

E,= hw=n 2 72hn/(1+Pf_)s 2.48 n (7/10°)°/A[cm]/ (1+P]) [MeV)

where O = 2nc/h0-is the angular frequency of transverse
oscillations in the wiggler, n =1,2,...

Number of the quantum, radiated by N particles 1in the
Undulator, described by the formula
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St

2 2
P P
N,, = AN (s=0) = N “’;“K - [1 - 2= ]
v 1+p_L 1+p1

If we suppose, that center of the wiggler installed in
. ' y 2

crossover of beta-function with significance B., so B(s) = B' + 1;
/2
and the beam size in the wiggler will be a = (78*3/?)“? . If we

assume, that the beam size at output of the wiggler 1is =10%
bigger, than in crossover, 1i.e. 12/8'23 0.2, that gives for 1 = 2

172 %-450 cm. The beam size will be at energy'SO

meters B's A0 .2)
GeV, a (.3 107 4506 /10°) = 3.7 10_3cm._ The aperture of the

vacuum chamber A let be ten times more i.e. A = 3.7 10°cm or 0.37

IR

mm. So diameter of inner chamber of the wiggler will be at least 1 -

mm. This makes possible to have period A of 2 mm , Pl = '0.2 and
correspondly, Ey & 2.48 5 = 12.4 MeV. In this case Eﬁ/(1+pi) =
=0.038, K= 400/0.2 and N /N = 4ma (400./0.2) 0.038/3. =2.3 0or 2.3

IR

quants per one initial particle for the undulator of 4 meters total

length. The spectrum of radiation is good forming, cause P is so
small, and represented by the fist harmonic mainly. Polarization
of the photon flux in angle 6 < 1/y is about 100%, i.e. parameter

g, = 1.

IR

¥

If we estimate the efficiency of conversion using the formula
from previous paragraph

2
R Ly
AN = 3 10 K° K& 4 3

G Tk
E pi Y, :

IR

with parameters k 1/2, K = 2 103, d = 0.1, pl= 032 Pi/(l+pi) =

= 0.038, y = 2y =2Kr , £= 0.5, the conversion efficiency will be

2

AN -= 3°3079'0.2% 2710”7 0.7"0.038 0.5 0.5 = 0.0214

+1

In Table 3 from [15] there is represented the efficiency of
conversion of gammas into positrons - K, calculated uéing numerical
codes described there for gammas with E3,==-10 MeV, angle of
capture * 0.5 rad, interval of separated energy 0.5 (£, =.0:9)%
Here also calculated mean polarization, mean energy losses AW,

MeV per particle and accuracy of calculation e.
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Table 3.
= 10 MeV, E+ ='7.5 *2.5 MeV, ¢ =, 0.5 rad

-2 -3 AW
t,cnm a—t/lxD K/10 £/10 < > MeV/e*
0.01 0.028 0.34 0.54 | 0.7Y 0.007
0025 007 0.74 0.78 0.79 0.05
0.05 0.14 0.95 0.87 0.79 0.26
0.10 0.28 1.14 0.98 Q.7 051
0:15 0.43 1.04 0.98 0,/ H7 0.48
0.20 0.57 0.93 0.87 0.1" 0.56
0.25 8:71 0.77 0.80 0.9 0.61

So it is pessible to obtain here for'é = 0.1

IR

N /N =(N_/N_) (N_/N) 0.008 2.3 = 0.018,

i.e. efficiency, close to estimated analytically, which gives

IR

1 10° positrons per one initial bunch. In principle here it is

possible to use more thick target, up to ¢ = 0.3

6. CONCLUSION.

Oof cause it was not possible to cover all problems concerning
Undulators and its utilization for Conversion System in single
paper. This will be done in other publications.

Undulators, mentioned here, were fabricate as a short models
with necessary value of wavelength and obtained parameters shows
that technical realization of such full scale Undulator is
pcssible in any case.

This method of obtaining polarized particles (e ,e ) can be
easily used in any Linear Collider such as CLIC, DESY/THD, JLC,
TLC, TESLA, VLEPP.

Proposal for SLAC FFTB shows that it is possible to test this

method experimentally.
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