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Chapter 6

Oide effect

This part of the document addresses the radiation phenomenon called Oide effect|[1]|, which
sets a limit on the beam size demagnification, specially important in linear colliders because of
the strong focusing required in the Final Doublet before the Interation Point (IP).

First, a brief introduction to the beam size limit (Oide limit) is given, where calculations have
been derived to include this radiation phenomenon in the lattice design and optimization
software. The Oide effect is evaluated for the CLIC 3 TeV and CLIC 500 GeV parameters,
leading to change the length of the first quadrupole before the IP, called QDO. It ends with a
proposal to mitigate the impact of the Oide effect by adding correctors before and after the
QDO, reducing the beam size.

6.1 Beam size limit

The Oide effect is caused by the interaction of charged particles with the magnetic field from
quadrupoles. Radiation in a focusing magnet, schematically represented as QDO in Fig. (6.1),
changes the energy of the particle and modifies the focusing effect. This results in a limit on

the minimum beam size specially relevant in the vertical plane.
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Figure 6.1 — Design particle trajectory in blue and the trajectory of a particle due to radiation
in the quadrupole in red.

The beam size growth due to radiation is added quadratically to the linear beam size 08 =ef
where /3 represents the optical beta function and e is the emittance. Therefore, 02 = 08 + O'gi des
where the beam size contribution from the Oide effect is [1],

o2 = M0 e s o LV (£ " (6.1)
oide 3\/6771' 8277- ’ ﬁ* :
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where

VEL ¢ 2
F(VEL,VkL*) :/ |sin ¢ + VEL* cos ¢|> U (sin¢’ + VEL* cos ¢')2d¢’| do  (6.2)
0 0
and A, is the Compton wavelength of the electron, r. is the classical electron radius, v is the
relativistic factor, € is the geometrical beam emittance, 5* is the Twiss parameter at the
observation point (in this case, the IP), and k, L and L* are the quadrupole gradient, the
quadrupole length and the distance to the observation point measured from the closest magnet
face.

Although the total contribution to beam size depends on the lattice and beam parameters, the
minimum achievable beam size is given by [1]

1
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where €y = e is the normalized emittance, showing the independence from beam energy.
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(6.3)

The only possibility to reduce the beam size is by changing the value of F', by modifying the
magnet parameters, or to minimize the beam emittance. However, using the ILC 500 GeV [20],
CLIC 500 GeV and CLIC 3 TeV [6] parameters, it is possible to conclude from columns oy and
Ooide iIn Table (6.1) that the contribution of the Oide effect to beam size is only significant for
CLIC 3 TeV.

In addition, columns ¢ and 0, in Table (6.1) show that both CLIC designs are close to the
minimum achievable beam size.

Lattice EN 0 oo k L L* F Ooide o Tmin

(mm) | (10%) | (nm) || (m~?) | (m) | (m) (nm) || (nm) | (nm)
CLIC 3 TeV 20 2935.0 | 0.70 0.116 2.73 | 3.5 | 4.086 | 0.85 1.10 1.00
CLIC 500 GeV 25 489.2 2.3 0.077 | 3.35 | 4.3 | 4.115 | 0.08 2.3 1.17
ILC 500 GeV 40 489.2 5.7 0.170 2.20 | 4.3 | 9.567 | 0.04 5.7 1.85

Table 6.1 — Vertical beam size and radiation beam size contribution for three lattices. ey is the
normalized emittance, ey = ye.

6.2 Oide Double Integral Solution

In this section the double integral used to calculate F' is solved with the goal to increase the
computational calculation speed. It was included in MapClass2[13, 14, 15, 16] to be used in
lattice design and optimization

The inner integral over ¢’ can be solved because it has a known primitive.
¢ in(2
/0 (sin ¢’ + VEI* cos ¢')2d¢’ = g[(\/%l*)Q + 1]+ Smi@[(\/%l*)z — 1]+ VEl*sin2¢  (6.4)
The Eq. (6.2) can now be expressed as one integral.
F(VEL,VEI*) = (6.5)

vk sin
/ | sin g+ VL cos gf? (g[(\/éz*ﬁ 1]+ #[(\/EZ*F — 1] + V" sin2 ¢)2 ”
0

The squared factor in brackets is always positive because all inner terms are real. The term
inside the absolute value is also always positive, therefore, the integrand is always positive.
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Now, considering the function:

sin ¢ + VEl* cos ¢, if, sin ¢ + VkI* cos ¢ > 0

—(sin ¢ + VEl* cos ¢), if,sin ¢ + VEI* cos ¢ < 0 (6.6)

| sin ¢ 4+ VkI* cos ¢| = {

sign changes at every point ¢, = arctan(—vkl*) £nm, n > 1.

It is possible to split the integration interval ¢ times, being 7 the number of ¢,, solutions where
0 < ¢ < VEL. On each of those intervals, the absolute value definition can be removed and
replaced by the corresponding expression in Eq. (6.6), having only a difference in sign. By
defining the primitive .# in an interval where the factor inside the absolute value is positive it
is possible to evaluate F' as it is shown in Eq. (6.7).

F(VEL VR = Z|} = F|7 + Z|5 - Z|0 + -+ Z | (6.7)

The change of signs in each interval is only given by the absolute value definition, then, it is
simpler to add the absolute value of each contribution.

F(VEL,VE) =|Z (8 |+ Z|2 |+ Z10 |+ Z 15 + - +| 71| (6.8)

If we know the primitive .% and we are able to calculate the ¢,s in the integration interval,
then, it is possible to calculate the factor F' without using an approximate integrator. The
double integration has been simplified to a primitive evaluation.

The primitive .# exists and it has been calculated using Maxima [21] and Wolfram Alpha
Mathematical|22] software, the expression is in Appendix A.

6.3 Mitigating the impact on the beam size

6.3.1 QDO length

As shown in Sect. 6.1 the Oide beam size contribution depends on a combination of beam and
optics parameters. If none of the beam parameters is to be changed then F' can be used as a
figure of merit of the optics as it is calculated only from k, L and [*. The target is to reduce it
as much as possible and two energy cases are analyzed: 3 TeV (I* = 3.5 m) and 500 GeV

(I* =4.3 m).

Columns 09, 04i4e and F' in Table 6.1 show that CLIC 3 TeV and 500 GeV [6, 23] have larger
contributions to beam size even having a lower F' value than ILC 500 GeV [20].

In order to evaluate the minimum possible F' for L and [* given, the minimum k required to
get the particles focused is when the Twiss function « is zero just at the quadrupole opposite
face to the IP.

Fig. 6.2a shows the ratio squared between the beam size contribution due to Oide effect and
the linear beam size for three cases: when k is the minimum required to get particles focused
(to get ay = 0 at QDO opposite side to the IP), when k is calculated as thin lens (k = #),
and the current QDO status. Fig. 6.2b shows the k values for the previous mentioned cases.

The Oide contribution to beam size is of the same order of the linear beam size. It might be
possible to reduce it by doubling the current quad length and using a less conservative k
between the minimum required for the focusing and the thin lens approximation. This also
points to increasing the lattice length as this change reduces the tolerance to variations of « at
the quadrupole input.
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Figure 6.2 — Oide effect beam size contribution for CLIC 3 TeV design parameters. (a) Ugi de
normalized to designed linear beam size as a function of quad length for the minimum focusing &
(when o = 0 at the quadrupole opposite side to the IP), for k calculated as thin lens (k = Lll*)
and the current QDO. (b) k in the three previous cases for comparison.

Quad lengths larger than 10 m do not lead to further improvements with the current
parameters.

Fig. 6.3 is the corresponding to Fig. 6.2 for the 500 GeV case. The current design contributes
less than 4% of the total beam size, concluding that the current QDO length with the CLIC
500 GeV parameters does not need adjustment.
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Figure 6.3 — Oide effect beam size contribution for CLIC 500 GeV design parameters. (a) 02,

normalized to designed linear beam size as a function of quad length for the minimum focusing %
(when oy, = 0 at the quadrupole opposite side to the IP), for k calculated as thin lens (k = %ﬁ)
and the current QDO. (b) k in the three previous cases for comparison.

6.3.2 Correctors
Ay due to radiation
Particle tracking from the imput of QDO to the IP for CLIC 3 TeV with and without radiation,

using PLACET [17], allows one to compute the effects of radiation on the six dimentional
phase space. Figure 6.4 shows the current transverse distribution of particles at the IP. To
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compensate the adverse effects a compensation system would ideally remove the position
change due to radiation Ay = Yraq — Yo-
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Figure 6.4 — CLIC 3 TeV beam at the IP after tracking through QDO with and without radiation.

Although the average radiation effect is zero, (Ay) = 0 because of the cubic term (y})? as
stated by Oide [1], the correlation between Ay,y’ is not zero. The correlation expression is
shown in Eq. (6.9).

2
(Ay,yp) = gmi‘G(\/EL, VEL)(y)? (6.9)
where G(\/EL, \/KL*) is
VKL @
/ (sin ¢ + VEKL* cos ¢)? / (sin ¢’ + VK L* cos ¢')2d¢ do (6.10)
0 0

Fig. 6.5 shows the comparison between the correlation obtained from tracking and the
theoretical evaluation of the previous expression.

40
30
20 | e
10k :J

Ay (nm)

O 1 i snmmsmmmmn
0 b
20+ : . tracking
! theory
30 b S SN
-40 -30 -20 -10 0 10 20 30 40 50
y’o (urad)

Figure 6.5 — Correlation between the phase space coordinates Ay,1y’ for CLIC 3 TeV from
particle tracking and theoretical expression in Eq. (6.9).

This correlation could be removed from the beam size by a set of correctors to be presented in
next Section.

Correctors

A pair of correctors, as in Fig. 6.6, is added to the strong focusing in order to mitigate the
radiation effect. Particles that did not radiate along QDO receive kicks in C1 and CO cancelling
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one another. However, the C1 and CO kicks do not cancel for particles that did radiate, this
difference is used to correct only the particles trajectory change due to radiation.

The procedure consists in scan the best position and multipole gradient (s, k;) for C0, and
then set C1 at QDO input to cancel the effect of CO. If two points with same f3,/3, ratio are
chosen, then the mutual cancellation of C1 and CO correctors is limited only by the phase
advance between them [10]. Figure 6.7 shows the horizontal and vertical 5 functions for CLIC
3 TeV in FD region, and their ratio.

The equal 3,/3, ratio for CO and C1 condition is difficult to fulfill because CO should be too
close to the IP. In addition, it will lead to correctors running at very high strengths perturbing
the beam.

A second approach is to minimize the phase advance between correctors. Therefore they will
be located on both faces of QDO0. This has the advantage of correctors running at lower
strengths thanks to large § functions.
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Figure 6.6 — For the nominal trajectory in blue, the kick in C1 must cancel the kick in C0. For
all particles that radiate in red, the difference in kicks should cancel Ay.
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Figure 6.7 — 8 functions and 3,/0, ratio for CLIC 3 TeV FD, QF1 and QDO in red on top. The
dark area is occupied by QDO and the IP is at s = 0.

Two octupoles (OD0,0D1) were tried as correctors (C0,C1) to substract the cubic fit. A CLIC
3 TeV nominal beam with no energy spread is generated at the IP and tracked back to the
entrance of the C1 without radiation with both correctors off. This beam is used to study the
Oide effect mitigation in QDO using correctors by tracking to the IP with radiation.

The best result obtained with the octupole correctors is a vertical beam size reduction by
(—4.3 £0.2)% using ODO only. Table 6.2 show the result of luminosity changes less than 10%
for the case with no radiation in QDO, with radiation, with one corrector and with the two
correctors obtained with Guinea Pig ++ [24].

The Oide effect contribution to vertical beam size affects very little the luminosity, and it is
the same case when using ODO corrector. However, the case of two correctors OD1 and ODO0
shows a drop. This has been attributed to the limited cancellation between correctors due to
different B, /8, ratio and phase advance.

The possibility of slicing QDO in two or three sections and mitigate the radiation effect with a



6.3.3 - Conclusions 53

OD1 ODO0 Oz oy Lot ‘ Lpeak
L [m] ‘ k3 [m™*] | L [m] ‘ k3 [m™4] [nm] [nm] [1034cm =2 . 571
NO RAD 0.01 0 0.01 0 47.45 0.69 7.7 2.9
RAD 0.01 0 0.01 0 47.45 1.18 7.5 2.7
RAD 0.01 0 0.01 -3900 47.45 1.13 7.4 2.7
RAD 0.01 1502 0.01 -3900 47.45 1.17 7.1 2.7

Table 6.2 — Effect of octupolar correctors on the beam size, total luminosity and peak luminosity.

pair of octupoles on each/any slice has been forseen to improve the matching betweeen C0O and
C1 correctors.

6.3.3 Conclusions

Radiation in the final quad sets a limit on the vertical beamsize, this is called Oide effect.
Only for CLIC 3 TeV this limit is significant, therefore two possibilities have been explored to
mitigate its contribution to beam size: double the length and reduce the QDO gradient, or the
integration of a pair of octupoles before and after QDO.

The best result with octupoles has been a vertical beam size reduction of (4.3 £+ 0.2)%, with
little impact on luminosity. The correction scheme is currently limited by the phase advance
and f, /S, ratio. It may be possible to improve its performance by slicing QDO.



