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WHY K-FACTOR IN ILC UNDULATOR SHOULD BE SMALL

Alexander A. Mikhailichenko, Cornell University, RE, Ithaca, New York

Abstract. We are analyzing the ILC positron source for thethgolarization and efficiency. We
represent the arguments wkyfactor (K =eHA, /2T[m02) should be<0.45. LowerK-factor allows

reduction the total power of radiation and domimanice first harmonic in radiation. As the first
harmonic can be well collimated, hence more morauoltic, the energy separation of the secondary
positrons/electrons at high edge of spectrum caddoe easily. As a result ~70% polarization looks
feasible for ~170 m undulator at 2500 GeVandK factor<0.4.

OVERWIEW

In ILC positron source the undulator schemeigldppointed as a baseline. Undulator radiation
(UR) generated by particles with ener§y150-250GeV serves as a source of circularly

polarized gammas with energy.~10-20MeV. So calledK-factor (K =eHh, /2rmé =B.y- where

B, stands for the transverse velocity of electron radized by the speed of lighy,= E/mc, A,

is a period of magnetic field in the undulator)tie mostly important characteristic, which defines
the properties of UR. These properties include ltaemonic content, i.e. its spectrum and
polarization. So the momentum associated with ithesverse oscillation of the particle comes to

bep; =md3,y = mcK. The total energy radiated by a particle in theulator with total number
of periodsM is proportional to th&? more exactly to the square of magnetic fiBldveraged
over period [2]-[4]
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One can see from (1) that the total intensity aliagon is not a function of undulator period.
Dependence of intensity on magnetic field squairedd the maximal energy, which any particle
might have after passage the region with the {ielemeranchuk theorem [5]).

The energy distribution of undulator radiatemitted by a single particle in an undulator with
the lengthL, = MA, (M —is the number of periods), during the time dorati\t =2rM /Q is

defined by the expression [2]-[7]
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where3, =v;/c=K/y, vgis the transverse velocity. In the dipole approtiomm K<1,
,q :,/ﬁz—ﬁf 004 and in the ultra-relativistic cage>>1, mainly the first harmonic radiateck1.
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where the functiof (J)introduced accordingly. Indeed, for total radiatiah all harmonics,
expression (3) should be summarized over all irshdé]
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So the number of photons can be obtained puslibsion of intensity of radiation within some
spectral region (3) by the energy of the photon witihis energy. The photon energy and its

polarization for a giverK factor depend on the observation andle measured from the
longitudinal axis to the direction towards an observ

he, = _mQ (6)
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wheren=1,2,3..., numerates the harmonics of frequelﬁby:,q" c/k,, B=Vlc D,q‘ , Vis a

particle’s average longitudinal velocity in the whator. Basically this formula represents the
Doppler shift of radiation while the particle osaies with frequency.
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By introduction of functions [3]
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In formula (11) the angular dependence of intensitgpresented as multiplication of two factors:

the intensity of radiatiofe: and some function of angles, energy #atactor P: (K,3,Y) . As
theintegral over solid angle should coincide with tb&l intensity
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di* +
| o=l L B (K, 8,)do = lig; (13)
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sothe integral j'Pn*(K,ﬁ,y)do =1, henceP; (K,3,Y) can be treated asprobability of radiation
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of spectral component with certain helicity in diien defined by the ang®. The spectral
distribution one can obtain from the distributioreothe angles, as the energy of quanta registered

by an observer under andlds strictly connected with this angle through tbeniula (6). From

the formula (6) it is clear also, that narrowing thngled by collimation—narrows the energy
spread in the photon beam. This peculiarity of @mégtion the radiation as a sumpobbabilities
at different harmonics used in a computer code KJ8]Nsee below.

Operation with lowK factor which we advocated for a long time redutbescontent of higher
harmonics as the first harmonic power reaches @é 6f all radiated power &=0.7 only; we
believe thaK<0.4 is the best choice, see Fig.1.
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Figurel. The ratio of power radiated at the fitrhonic to the total power as a functiorkof
factor.

One peculiarity of radiation in a helical utettor is that the intensity of radiation in a sifati
forward direction presented by the first harmortypthe other ones have zero intensity in this
(forward) direction. So basically there is somegplmiity to keep theK factor increased, if some
collimator in front of the target is present.
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Figure2. Orbital angular momentum appears as théiclearadiates from the off-centered
trajectory (helix) [10].



One should remember, that the photons radiatdthrmonic #2 and higher, are carrying the
orbital momentum, so the creation of positron pa&rgoing differently; this fact was missed so
far. Orbital angular momentum in radiation appeassthe particle radiates from the helical
trajectory; simple physical explanation of this pbmenon is given in [10] (see Fig.2). So for
reduction of possible negative sequences of thehat created electron-positron pair should carry
the orbital momentum it is better to have the contd second (and higher) harmonic as low as
possible.

SOME TECHNICAL DETAILS[9]

Axial magnetic field generated by a pair ahthelical strips-like conductors caring opposite
current valuest I, wounded on cylindrical surface (see Fig.3) carfduend from the following
expression [11]
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(SI units)wherea stands for the radius of the windings, is the local angle between the center of
the strip and the axis X, p-is transverse radial coordinate,
Ko(2na/A,), Ky(2na/A,),l;(2na/A,) are the Bessel functions of the second kirily
represents the angle under which the strip is kditom the central axis. One would like to have

period of undulator as small as possije- 0, however K, (x)= e‘X1/2£[1—8i+...] for x>>1.
X X

In typical case, the diameter of windings is notrenathan the period of windings, so the
ratio2ma/A, =m(2a)/ A, Um/2, soKo(7/ 2)+Ky(/2)00. 71

Figure 3. B-helical coils (colored red and blueattiban generate a helical field. The beam is
running inside the vacuum chamber colored yellow.

Using expansion of Bessel functiohs (see for example [13]);(X) = 5+ 2X234 + ... one can

obtain dependence of magnetic field on the trasgveoordinatex = 27p/ A, O p/ &
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So one can see that the period of undulator isicesd from the lower side by achievable current
in a windings. For the undulator with periag ~1cm the typicalK value is limited by a factor of

one,K<1. From the other hand- lower thefactor -larger the aperture in the undulator can b
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POLARIZATION AND THE ENERGY SEPARATION

The most valuable feature of the conversion usimg undulator radiation is the possibility of
generation of polarized positrons and electronsar2ation of created positron as function of its
energyE. can be expressed as [14]

¢=&If(E/E)M +9(E/E)M]=¢ +¢,, (16)

where the functiond andg describe théongitudinal and transverse polarizations showRim4,
n — is the unit vector directed along initial directiof the gamma radiatiori, —is the unit vector

normal to it.
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Figure 4: Polarization as function of the fractibeaergy [14].

One can see from Fig.4 that polarization of theosdary particles is the result of the product of
two factors: the polarization of the photon and thection defined by the details of electron-
positron pair creation. Expression (16) should @mompanied by the differential cross section of
the pair creation [15]. So the polarization of fl@oton beam is a maximal possible value of
polarization of the secondary particles. Namely finst factor one can enhance by collimation of
the photon beam as the
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Figure 5. A scheme for the energy separation [Af}—accelerator structur& —is the focusing
quadrupoleM; —is the bending magné&dMD stands for the Optical Matching Device.

It is interesting to underline, that in case if firat harmonic dominates in radiation, the role of
collimator in front of the target is less importaiitthe energy selection tuned so that the only
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energetic particles are coming through, then autiwally this procedure will select the particles
with highest degree of photon polarization as thgisetons will generate the mostly energetic
positrons. This is because the specifics of foen{aR): higher polarization-higher the energy of
guanta is.

CALCULATIONSWITH KONN

To simplify the process of optimization of positraonversion system we developed the
interactive start-to end simulation code KONN, ¢§8¢ This code realizes the ideas about
presentation of radiation formulas (11) and (12)emms of probability and uses the Monte-Carlo
algorithm describing the processes of radiation fanither creation of positron in a target. Results
of some optimizations with KONN represented in Eabl Lithium lens is used in collection optics
as focusing element.

Table 1. Efficiency and polarization achievablehandulator scheme (KONN).

Beam energy, GeV 150 250 350 500
Length of undulator, m 180 200 200 200
K factor 0.45 0.44 0.35 0.27

Period of undulator, cm 1.0 1.0 1.0 1.0
Distance to the targetm 150 150 150 150
Radius of collimator, cm 0.049| 0.03 0.02 0.02

Emittance, cm-rad le-9 le-9 le-9 le-9
Bunch length, cm 0.05 0.05 0.05 0.05
Beta-function, m 400 400 400 400

Thickness of the target{X 0.57 0.6 0.65 0.65
Distance to the lengtlem 0.5 0.5 0.5 0.5
Radius of the length,cm 0.7 0.7 0.7 0.7
Length of the length,cm 0.5 0.5 0.5 0.5
Gradient, MG/cm 0.065| 0.065| 0.08 0.1
Wavelength of RF, cm 23.06| 23.06| 23.06 23.0p
Phase shift of crest, rad -0.29 | -0.29| -0.29 -0.29
Distance to RF str., cm 2.0 2.0 2.0 2.0
Radius of collimatdr, cm 2.0 2.0 2.0 2.0
Length of RF str., cm 500 500 500 500
Gradient, MeV/cm 0.1 0.1 0.1 0.1
Longitudinal field, MG 0.045| 0.045] 0.045 0.04b
Inner rad. of irises, cm 3.0 3.0 3.0 3.0
Acceptance, MeV-cm 5.0 5.0 5.0 5.0
Energy filter, E >MeV 54 74 92 126
Energy filter, E< MeV 110 222 222 250

Efficiency, e'le 15 15 15 15
Polarization, % 69 78 78 73

T Qoilhtor at the entrance of RF structure

SUMMARY
Practical value oK factor for the undulator with &m period is about unity, which is enough
for successful operation of conversion system.
Selection of energy with dispersion optics #mel scraper allows enhancement of polarization
and operation with increasédfactor up toK~0.4 . Lowering the& factor allows larger aperture
in undulator.



As the radiation of electron in a back- scatteradiation from a laser, can be described in a
same way as the radiation in an undulator [17] eville energy of secondary photon is much
lower than the energy of electron, so the recommagmal for loweringK factor automatically
fulfilled here due to limitation of power achievabh a laser system.

Operation with lonK-factor in E-166 experimenK¢0.17) together with selection the energy of
the secondary positrons by the spectrometer delivéine polarization measured of the order
q [0185% [18].
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