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Summary

One of the main requests for future linear colliders is to achieve a nanometer vertical beam size at the
Interaction Point (IP). Accelerator Test Facility 2 (ATF2) represents a scale down implementation
of the final focus system (FFS) concept based to test the novel local chromaticity correction scheme
that is implemented in the International Linear Collider (ILC) and the Compact Linear Collider
(CLIC) designs. After several years of operations and commissioning, oy of 41 & 3 nm was measured
at ATF2 with the nominal 3] optics in 2016. This paper reports the experimental tuning study done
with the ultra-low g during March 2019 beam operation. This optics has a level of chromaticity
comparable with CLIC one and it is expected to reduce o, below 40 nm.
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1 Introduction

After the discovery of the Higgs boson at the LHC, a lepton based linear collider is considered
as one of the potential candidate to continue the high precision particle physics research. In
this context, two machines have been proposed to represent the new era of the linear collider
research and development platform in the accelerator physics scenario: ILC with a c.o.m.
energy of 250 GeV [1] and CLIC with a c.o.m. energy of 380 GeV with a possible upgrade to
3 TeV [2]. These two projects have long linear accelerators that accelerate the particles to
high energy and then bring them to collision. Furthermore, the FFS of CLIC and ILC share
the same conceptual design based on the local chromaticity correction scheme [3], although
the chromaticity level is 5 times higher in CLIC than in ILC (see Table 1). Since this scheme
was never used in any accelerator before, a scaled down version of this system was built as
a demonstrator in order to prove, experimentally, its effectiveness [4, 5], called ATF2. One
of the main goal of ATF2 is to achieve a vertical beam size at the IP of 37 nm. In 2016 an
unprecedented vertical beam size at the IP of 41 + 3 nm was reached in ATF2 using nominal
optics (108; x B;) (see fig. 1) [6].

In order to test the feasibility of the FFS local correction scheme with a chromaticity
value about a factor 5 higher, like in CLIC, the ultra-low [ optics study has been proposed
and studied in ATF2 (see table 1), where the 3; value is reduced to 25 pum [7]. The magnetic
imperfections and the high order aberrations produced in ATF2 beamline may limit the
IP beam size [8]. In order to correct some of these imperfections, a pair of octupoles was
installed in 2017 [9] in ATF2 beamline. Different optics are and have been tested in ATF2
such as the nominal one (3; = 100um), the half 8; (3; = 50um) [6] and the ultra low 3 (
By = 25um) [10, 11]. This report describes the ultra low ) machine study done in March
2019 run.

Table 1: Beam and optics parameters for ILC, CLIC, ATF2 Final Focus Systems.

ILC CLIC ATF2 nominal 8;  ATF2 half g;  ATF2 ultra-low 3
(106: x 1/6;‘) (106: x 0.5/6;‘) (250 x 0.2555)

E [GeV] 250 380 1.3 1.3 1.3

L* [m] 4.1 6 1 1 1
€ydesign [p] 008 0.003 12 12 12
B:/B; [mm]  11/0.41  8/0.1 40/0.1 80/0.05 100//0.025
oy[pm]/or[nm]0.47/5.9 0.149/2.9 8.9/37 8.9/26" 12.6/20%
O meas. 0] - - 4143 58+5 64+3
§y =~ L*/ﬁ; 10000 50000 10000 20000 40000

¢ Optimized with octupoles.
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Figure 1: A history of the measured o, at ATF2 from June 2016 to April 2019. In the
bottom plot the beam intensity is also considering as a figure of merit.

2 Experimental study with ultra-low 5, optics in ATF2
in March 2019

Following the same tuning procedure used with the half 3; optics in [6] in 2016 and following
also other tuning studies with the ultra-low (3, optics done in December 2017 and February
2018 (see vertical beam size reached in fig. 1) [10, 11], another attempt was done in March



2019 operation with the ultra-low 37 optics. A total of 7 shifts (56 hours) have been allocated
for the ultra-low §; optics study in March 2019 run. The results of this experimental studies
are reported below.

2.1 Complete machine tuning procedure description

In ATF2 before starting any measurement, the machine in tuned to get the desired set-up
parameters following this procedure [12]:

1. Orbit correction: the beam is steered flat at the BPMs center using the available
EXT line correctors and the FFS magnet movers.

2. Dispersion correction: dispersion is measured along the FF'S by observing the orbit
change for the off-momentum beam compared to the on-momentum beam and it is
corrected for the horizontal dispersion with QF6X quadrupole, while for the vertical
dispersion with a pair of skew quadrupoles QS1X and QS2X.

3. Coupling correction: coupling is observed at the entrance of the FFS with m-
OTR [12] and it is corrected by minimizing the emittance with A-knob and the skew
quadrupoles.

4. Optics matching at the IP: twiss parameters are measured with the wire scanner
and matched to the design values with the matching quadrupoles.

5. Beam based alignment (BBA): each sextupole is aligned with respect to the beam
orbit by observing the orbit change on the downstrem BPM.

6. Beam size tuning: linear and non linear knobs are combinations of multiple magnets
displacements meant to control a chosen set of beam aberrations in order to reach the
desired beam size at the IP. They are iteratively used in the tuning process. The IP
beam size is measured using the Shintake monitor.

A detailed description of this tuning steps is given below.

2.1.1 Orbit correction

The first step for a correct machine tuning involves the orbit correction in order to reach
the best reference orbit possible, called ”golden orbit” that corresponds to the orbit with
the skew sextupoles aligned in the center (as skew sextupoles are not on movers). The beam
orbit diagnostic in the extraction line is handled by 46 beam position monitors (BPMs).
There are 13 stripline BPMs, located mainly in the inflector, with a single-shot resolution
of about 10um, 33 C-band cavity BPMs [13], with sub-micron single-shot resolution and 2
button-type BPMs located near the septum [14]. In fig. 2 the position of the skew sextupoles
along the beamline is shown. To reach this orbit, some of the ATF2 horizontal and vertical
steering magnets are used and the orbit correction is done by changing their currents to
minimize the beam offset at the BPMs located along the FF beamline [13]. In fig. 2 we can
see an illustration of the orbit during March 2019 beam operation. To be noticed that the
last two BPMs around 80 m are not working correctly due to BPM reference signal drifts



and that at the beginning of the EXT line (at around 10 m) there is an orbit bump due to
the septum presence and the higher sensitivity of the BPMs in that specific location. The
black orbit in fig. 2 represents the difference between the real time orbit and the ”golden
orbit” and it was quite stable during all March dedicated week for the ultra-low [ study.
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Figure 2: An example of the orbit displayed during March 2019 operation. Red: Real time
orbit. Black: difference between the ”golden orbit” and the real time orbit.

2.1.2 Dispersion and Coupling correction

After correcting the orbit, dispersion is measured by changing the beam energy in the damp-
ing ring and observing the orbit change at the BPMs in the ATF2 beamline. Each measure-
ment involved records the horizontal and vertical position shifts Az and Ay at the BPMs
for different settings of the damping ring rf frequency and fitting linear dependencies to the
data to extract the dispersions:

Ax,y
Ty = AT 1
Y Ap/p ( )
where Ap/p is the relative momentum shift related to the frequency change Af by
Ap Af 1
e~ )
p Jpr

where a = 2.14 x 1072 is the momentum compaction factor of the DR. During dispersion
measurements the damping ring frequency is changed by +2 kHz leading to a relative beam
energy change of about F 0.13%. The dispersion correction procedure at ATF2 uses quadru-
pole strength variations. In order to correct the dispersion along the FFS while not affecting
too much other parameters, the quadrupoles used for the correction are located at the peaks
of dispersion in the extraction line. The vertical dispersion is corrected using a pair of skew
quadrupoles QS1X and QS2X that generate vertical dispersion via coupling from the hori-
zontal dispersion. The x, y coupling generated by QS1X is canceled by QS2X thanks to the -1
transfer matrix in both planes. The horizontal dispersion is corrected using 2 normal quad-
rupoles QF1X (located close to QS1X) and QF6X (located close to QS2X). Their strengths



are varied independently until matching the design horizontal dispersion [10]. Figure 3 shows
the horizontal and vertical dispersion corrected during March 2019 beam operation.
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Figure 3: Horizontal (top) and vertical (bottom) dispersion after correction during March
2019 operation. The blue curves represent the design dispersion without machine errors for
ATF2 beamline, while the red represents the fit done thanks to the measurements (black
points).

2.1.3 Optics Matching at the IP and BBA

The measurements of the 7 values are crucial to verify that the desired optics was cor-
rectly implemented. The quadrupole scan method is used at ATF2 for the evaluation of
the transverse beam parameters. The strengths of the FD quadrupoles QF1FF and QDOFF
are scanned while the horizontal and vertical beam size, respectively, are measured using



the IP carbon-wire scanner [15]. In the vincinity of the IP, o, and o, depend on the beam
divergence and waist longitudinal displacement Af, , according to [10]:

2 Cay A 2
z,y

where the (3 are the expected [, at the waist and the measured beam size has to be
corrected for residual dispersion at the IP and for the geometric properties of the carbon

wire as ) 2
op d
2 _ 2 9
Oy = Ozymeasured — (;) Ney — (Z) . (4)

The ATF2 energy spread dp/p is 0.6% for low beam intensity of 10° e~ bunch and the carbon
wire diameter is d = 5 um. For the horizontal beam size, for which the usual values vary
from 6 pm to 10 pm, one can resolve the minimum beam size at the waist so that both
emittance and S functions can be determined simultaneously by fitting the parabolic curves
to the measured data as a function of the quadrupole magnet current. For the vertical beam
size, instead, we expect that it is smaller than 1 ym at the start of the tuning and therefore
it cannot be precisely measured at waist with the carbon wire. Only the beam divergence

can be measured:

0.2

€y y
N ()
For a given emittance, one can estimate the vertical beta function at the IP. So the
vertical 8 function is determined by considering the vertical emittance measured upstream
the FFS with the m-OTR [16]. During this run we did not evaluate the emittance value at
the m-OTR location because of a problem with the vertical dispersion fitting in the software,
so the 3 value is measured by approximating the emittance in FF'S as the one measured in
the damping ring (DR).
From the scans in fig. 4 the 8 functions at the IP have been measured. The 3} was 80 +
4 mm while the vertical divergence (e; [nm]/g;[mm]) was 0.29 and considering the €, value
the one measured in the DR (e, = 9.9 pm), the B, was 35 £ 2 ym with the sextupoles off.
The matching of the FF'S quadrupoles as well as the sextupole alignment was not performed
during the ultra-low g study. Because of lack of time we used the alignment done during
the normal optics operation. Unfortunately, using this alignment that was not very efficient,
with the sextupoles on, we had different values of the beta functions since the sextupoles
were not well aligned: ; = 120 &+ 4 mm, and 3; = 30 + 2 pm.

2.1.4 Beam Size Tuning

Shintake monitor for IP Beam Size Measurements

To evaluate the very small vertical beam size at the IP, an interference monitor, where
two laser beams cross in the plane transverse to the electron beam in order to form a vertical
interference pattern, is used for measuring the vertical beam size at the IP. Such system is
called Shintake monitor [17]. The beam size is inferred from the modulation of the resulting
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Figure 4: Left: Scan of the square of the horizontal beam size versus QF1FF strength done in
March 2019 run. Right: Scan of the square of the vertical beam size versus QDOFF strength
scan done in March 2019 run.

Compton scattered photon signal detected by a downstream photon detector. The relation
between the beam size and the modulation is the following:

M = C'|cos 0| exp [—2(k,0,)%],

6
ky=m/d, d= 251n>(\9/2)’ (6)

where C is the modulation reduction factor which represents the overall systematic effect
causing a decrease of the observed modulation due to the monitor imperfections , 6 is the
crossing angle and A = 532 nm is the laser wavelength. Three laser crossing angle modes
(2-8 degree, 30 degree and 174 degree) extend the beam size measurement range from 5 pm
to 20 nm [6]. This relation is essential to better understand the results in the following
sections.

In the following section the tuning knobs used in ATF2 are described while the knobs
construction for ATF2 ultra-low 3, optics is shown in section 3. In section 2.3 a summary
of the ultra-low §; tuning done in March 2019 operation is given.

Tuning knobs

In the ATF2 beamline there are 5 normal sextupoles available for the knobs construction,
namely SF6, SF5, SD4, SF1 and SDO and also 4 skew sexupoles, namely SK4, SK3, SK2,
SK1 which are available for the aberrations corrections. The linear knobs, that are currently
available in the machine and give the best tuning performance are AX knob (horizontal
waist shift), AY knob (vertical waist shift), Coup2 knob (y x 2’ coupling correction), EY
knob (vertical dispersion correction). There are also Yay (T4, term correction) and Y (T
term correction) knobs constructed from the strength variation of the the normal sextupoles
and Yao (T35, term correction), Yag (T4 term correction), Yiy (75, term correction) and Ype
(T4 term correction) knobs constructed with the skew sextupoles. From the simulations
we know that the most important knobs for the tuning are the waist shift knobs, o}, a;, the
vertical dispersion knob Dy and the coupling knob < y, x>,



In the tuning process the knobs are applied sequentially, one by one. For each knob scan,
the beam size is checked with the Shintake monitor for different knob amplitude. The square
of the vertical beam size depends quadratically on the knob amplitude. By fitting 022 with
a parabola, it is possible to find the required knob amplitude for the minimum beam size.
Ideally after a certain number of iterations we should be able to squeeze the vertical beam
size to the design value. A detailed description of the ATF2 tuning knobs is given in [18].

The knobs used during March 2019 ultra-low g study are AY, EY and Coup2, Y24 and
Y46. Figure 5 shows the modulation change when the linear knobs AY, EY and Coup2
were used during March beam operation.
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Figure 5: Linear Knobs AY (aj), EY (D;) and Coup2 (< 2,y >) scans done during March
2019 operation at 30 degree mode with the Shintake monitor.

2.2 ATF2 Complementary studies

In some cases some complementary studies have been made:

2.2.1 Energy dependence study

The study of the energy dependence effects on the vertical beam size (defined as df-knob)
was for the first time tried with ultra-low g, optics during March 2019 beam operation.
From this first attempt with the df-knob, good results can be seen. Smaller beam size (that
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means larger M) for higher beam energy can be seen in fig. 6 (for dE/E ~ 0.1 % (-2 kHz)).
Further study for the energy dependence knob was done during June 2019 beam operation.
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Figure 6: Energy dependence (df-knob) scan done during March 2019 run with the vertical
beam size at IP considered as a figure of merit.

2.2.2 ATF2 Octupoles studies

Two octupole magnets were added to the ATF2 beamline in 2017 in order to correct the
multipolar field errors [19] and quadrupolar fringe fields [8] in the case of the ultra-low 3
optics. The octupole magnets design and manufacturing was done at CERN [9]. One of
the octupoles is installed in a dispersive location and the other in a non-dispersive location,
with a phase advance of 180° between them. The proposed and the actual locations for
the octupole magnets are: OCTIFF (weaker octupole and the closest to the IP) between
QD2AFF and SKI1FF and OCT2FF (stronger octupole and furthest to the IP) between
QD6FF and SK3FF. The octupoles are expected to be used, when the beam is well tuned in
174 degree mode of the IPBSM, after being properly aligned [10]. The use of the ocupoles
was limited during March 2019 beam operation due to the fact that the beam size could not
be reduced enough to switch to 174 degree mode.

2.3 Discussion of the results

During March 2019 run 7 shifts in total have been allocated for the ultra-low 3 optics study.
The first 4 shifts were mostly used to correct the orbit, the dispersion, the coupling and then
match the g functions at the IP with the wire scanner (described in section 2.1.3). For a more
detailed description of the shifts schedule and actions see table 2. From the [}  values with
sextupoles on/off, it is clear to see that they were not perfectly aligned. Although the BBA
was performed the week before the tuning week study, there was a sextupoles displacement
during the beam operation weeks in March 2019.
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The rest of the shifts were spent for the beam tuning with IPBSM in 6.4 and 30 degree
modes. Unfortunately, 174 degree mode could not be reached in March 2019 operation.
The smallest vertical beam size at the IP achieved was 86 + 14 nm in 30 degree mode (the
corresponding modulation was M = (.76, see fig. 8) after applying linear and Yq4 and Ygg
(see fig. 7) knobs. A summary table of all the relevant parameters during March 2019 run is
shown in table 3. Unfortunately, no clear modulation was achieved at 174 degree mode (with
M < 0.1) since signal found with the Z-scan of the Shintake monitor system. To summarize
the tuning of the machine, fig. 7 shows all the knobs applied during March 2019 operation
and the respective vertical beam size and modulation reached.

During the 56 hours of tuning, a total of 3 shifts were lost because of several technical
issues: a water leak in the septum, IPBSM laser phase module CPU errors, FD mover drifts,
EXT orbit and dispersion drifts because of the temperature change and IPBSM modulation
was unstable. All these technical problems should be checked carefully before next tuning
time beam operation in order to guarantee a better tuning condition for the ultra-low 57
study. In the next section dedicated knobs are described in order to improve also the tuning
condition of the ultra-low g study.
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Figure 7: Summary of the modulation (in red) and vertical beam size at the IP o} (in black)
for each knob applied during March 2019 operation.

3 Ultra-low §; Tuning knobs construction using sextu-
poles

The knobs used during March 2019 ultra-low 3] tuning operation were the knobs initially
constructed for ATF2 10x1 optics. Although they show a good performance in terms of
tuning effectiveness for the ultra-low [, lattice, the knobs specifically constructed for the
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Table 2: Summary table of the shifts performed in March 2019 beam operation.

Days | Shifts Objective Measured Parameters
G: fmm] | € om] | Spm | M

Day | Orbit and dispersion correction, - - - -
EXT orbit and dispersion drifts

QF1 and QDO scans

w/ sext. off and on, 82.9 1.22 0.29
Swing xy coupling correction, 79.9 1.16 0.29 -
Wed set IPBSM for 6.4 deg mode, 124.3 1.07 0.32
13/03 FFS mover drifts
QF1 and QDO scans,
Owl no clear modulation - - - -

at 6.4 degree mode,
septum water leak alarm

Restart of operation
after the water leak,
radiation alarm interlock,
Day modulation recovery 96.8 1.56 0.42 -

at 6.4 deg mode,
Thu QDO mover problem,
14/03 phase module system error

IPBSM problem fixed,
Swing clear modulation was found - - - -
at 6.4 deg mode

Linear knobs scans 0.7
Owl at 6.4 deg mode, - - - (at 6.4
set IPBSM for 30 deg mode deg mode)

Beam size tuning 0.75
Day at 30 deg mode, - - - (at 30
Fri energy dependence study deg mode)

15/03 set IPBSM for 174 deg mode,
Swing | no clear modulation was found, - - - -
beam off at 19:20

Table 3: Summary table of the relevant parameters during March 2019 beam operation.

M G G oilm] ophm]  efm]  efpn

0.76 £ 0.03 80 +4 35+2 98+11 8 +14 1.2+02 9.9 (DR)

ultra-low §; would shorten the tuning time. In preparation of the next run of the ultra-low
B, study, dedicated knobs are constructed and described in the following sections.
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Figure 8: Fringe scan for the smallest vertical beam size (0, = 86 + 14 nm) achieved at
ATF2 during March 2019 operation.

3.1 Knobs definition

To describe the beam dynamics in the FFS, Taylor map formalism is used [20]. It is modified
in a way to connect the measured beam size with the aberrations observed at the IP. Vertical
position at the IP reads as:

6 6 6
vo=vo+ Y Riul Y Y Thautul 4 (7)

i=1 i=1 j=1
Yo 1s betatron coordinate of the particle, yo = v/efsin(¥) and u* = (x*, 2™, y*, y™*, J) is the
vector of the particle’s coordinates at the IP. Vertical beam size is the following:

6 6
o =By + Y Ry <yuf >+ ) Ty <ytulul >+ (8)
=1 =1

For the perfect machine, the contributions from any terms, except €,;, are small. In
reality, these terms are no longer negligible in the presence of different imperfections. To
correct lattice errors, especially at the IP, a set of orthogonal knobs has been constructed for
ultra-low 3; optics [18], aiming to reduce the impact from one particular term on the beam
size. When a normal sextupole is moved horizontally, a normal quadrupole field is generated,
when it is moved vertically, skew quadrupole field is generated. The strengths of such fields
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depends on the corresponding shift and this will impact: the horizontal and vertical IP alpha
functions (o}, ), the horizontal dispersion (D}) and the first derivative of the horizontal
dispersion (D';) for horizontal movement and vertical dispersion (D), the first derivative of
the vertical dispersion (D’y*) and the coupling components between x and y plane such as
<y,r > and < y,2’ >. From the simulations, the conditions between the sextupoles shifts
are established to allow to change each specific value at the IP almost independently of the
others and such a knob is called orthogonal.

These knobs are constructed in the following way. A knob for a vertical beam size to

correct the coupling with the coordinate u®:

<y, ut >

knob __
OyOyi

(9)
Nonlinear knobs are constructed by varying the strength of the sextupoles available in

the FFS, either normal or skew sextupoles. They are constructed in the same way as the

linear knobs. For the coupling with coordinates u‘ and «/ knobs are defined as:

<y, ul,ul >

knob __
T3ij -

Y (10)

OyOyiOyi

3.2 Knobs construction

The knobs are defined as shown in Eq. (9), (10). In order to construct them orthogonally,
one has to evaluate the response matrix based on these knobs assuming a linear change of the
corresponding knobs. First, we start with the linear knobs, constructed from the horizontal
shifts of the normal sextupoles. The response matrix for the vector of shifts (x1, z9, x3, 24, 5)
(they are assumed to be small) of 5 normal sextupoles is based on the Sigma matrix at the
IP [21]:

d d d
—ddxl<x,m> —d52<x,x> —dgs<x,x>

/ / /
o <z, > e <wa> . <z > (1)
d d d
T < %2> o <z,Z2> Ton < %2>

The shifts are applied independently one from another in an error free lattice. One can also
extract the interesting terms from this matrix and form the matrix of a smaller rank, but
has to be aware of the other terms, because when the knobs are not constructed properly,
they may contribute to the terms not taken into account initially. For example, the matrix
has following structure for the o, o and D} knobs:

L o<pa'> L<aa > 4 x>

d / i / “ /

@<’y,y> @<y,y> §<y,y> (12)
- <x,0> -<r0> < r,d >

1 dxo drs )

In order to get the orthogonal basis for the the sextupoles shifts, one has to use the SVD
to factorize the response matrix R = USV7T. The rows of matrix V7 are than taken as the
knobs.
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Figure 9: Vertical beam size contributions from linear knobs:
‘ — Ax ‘ Ay ‘ Ex ‘ Coupy , ‘ —  Coupy

Ey‘

The rest of the knobs follow the same construction strategy. We construct the linear
knobs < y,z >, < y,2’ > and D; using the vertical shifts of the normal sextupoles, the
nonlinear knobs Y5, and Y, by varying the strength of the normal sextupoles and the Yoo,
Yos, Yau and Y knobs by varying the strength of four skew sextupoles.

3.3 Orthogonality validation of the ultra-low (3 optics knobs

To validate whether the constructed knobs are orthogonal or not, one has to apply the knob
and check the different contributions to the beam size. If it is constructed properly, the
largest term, generated by applying the knob on error-free lattice should correspond to the
knob applied. One can get the beam size contribution associated with the linear knob REm,

for example, from Eq. (8) by putting Rj; = %
<y,u; >
P(Rlneby = =90 ~ (13)
O'u;f
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All the contributions are squared in the beam size equation:

6 6
<YLy =+ ) (PRE)?+ ) (P(T5))° + (14)
=1

1,j=1

The orthogonality properties of all the constructed knobs for the ultra-low [ optics
(25 B3 x 0.125 B;) is shown in figs. 9, 10 . Satisfactory orthogonality properties were
observed for most of them, except for the Coup, , knob, where strong nonlinearities are
simulated, so a further study is still needed to improve the performance of this knob.

4 Conclusion and Future Work

During March 2019 the ultra-low 3; optics was well matched and the twiss parameters at
the IP were well approximated to the design values, but unfortunately, the run ended with
an incomplete machine tuning because of some technical problems that turned out to be the
main limitations for reaching a very small vertical beam size at the IP.

A whole week in June 2019 beam operation has been allocated for the ultra-low 3, for
future studies. The main goal of the future ATF2 studies will be firstly to recover the
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performance of the IPBSM at 174 degree mode with the nominal optics 10x1. During next
beam operations there will be also the chance to use the DFS with the ultra-low 3 optics
and there will be also the opportunity to perform the octupoles alignment and to clarify the
octupoles role in the tuning process.

Regarding the ultra-low [ tuning knobs, future plans will involve simulation studies to
better understand the potential of the knobs specifically constructed for the ultra-low 37
optics and what is the gain they can provide in the terms of tuning effectiveness compared
to the knobs presently used on ATF2.
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