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Abstract magnet strengths. Coupling correction can be achieved us-

ing 68 skew quadrupoles, each of which is superposed onto

The specified vertical emittance for the ILC dampmga sextupole magnet. LOCO fits a range of parameters in a

rings is 2pm. A major goal for the ATF is to demcmStr"itemachine model to match the measured data; the parameters

a reliable tuning technique for operation in this low emit- enerally include normal and skew quadrupole strengths,

tance regime. Information on the optics of a storage ””ﬁ m gains and couplings, and corrector strengths and tilts
can be obtained by analysis of the closed orbit response ma- 9 plings, 9 '

trix (ORM); the information can be used to determine thé chieving an accurat_e_ and Te"ab'_e fit requires Op“m'm?'o
of a range of fit conditions, including selection of machine

changes in quadrupole gradients that best restore thendesi : . ; .
: . . rameters, weights applied to the dispersion data, and re-
optics, and to determine the settings for skew quadrupoles

to correct betatron coupling [1]. This technique has bee'r(1aCtlon of singular values in the fitting algorithm.
applied successfully in a number of machines worldwide.

In this paper, we present the results of simulations explor-

ing the applicability of ORM analysis to ATF for low emit- OPTIMIZATION OF FIT CONDITIONS
tance tuning. We discuss possible limitations in the tech-

nique, arising from degeneracies between errors identified FOr our simulations we first introduce random errors
by ORM analysis. on the skew quadrupoles superposed on the focusing sex-

tupoles, and then simulate the ORM data. The next step
is to use LOCO to fit the simulated ORM data, to try to
INTRODUCTION identify the skew quadrupole strengths that were applied.
Past attempts to minimize the vertical emittance usingig- 1 shows that a good fit to the applied skew quadrupole
orbit response matrix (ORM) analysis in the KEK-ATF
have met with limited success [2]. Furthermore, the proce
dure for collection of ORM data is time-consuming and cal %% ‘ ‘ ‘ " [—=— Applied Strengths

limit the correction to one or two iterations during a regula 002} Fit Conditions 1 ||
Fit Conditions 2

shift of eight hours. We report the results of a simulatior
study aiming to address both these issues: this study is t
ing performed in the context of a renewed effort to achiev o.01r
2 pm vertical emittance in the KEK-ATF [3]. First, we try =— oo0s}
to optimise the conditions for fitting a machine model tc 5
the ORM data, with the goal of determining, as accuratel
as possible, the correction required to minimise the emi 0957
tance. As part of this process, we also explore possib  -oul |
degeneracies between errors (such as sextupole misali
ments) that lead to real coupling, and errors (such as bg
tilts) that give the appearance of coupling in the data; suc 0%, 5 10 15 20 2 0 3
degeneracies may place a lower limit on the vertical emi skew quadrupole number

tance that can be achieved with this technique. Second, we

investigate how far it is possible to reduce the number dfigure 1: Comparison between applied and fitted skew
orbit corrector magnets used in the data collection, withquadrupole strengths.

out having a significant adverse effect on the quality of the

coupling correguon th-at can be achleved. The time t""keﬁrengths can be achieved, if the conditions of the fit are
for data collection is directly proportional to the numbér o

X . optimised (Fit Conditions 1 and 2 refer to different cut-off
orbit corrector magnets used; reduction by a factor of twfhresholdsz « 10-5 and2 x 10~* respectively, for the

W.OU|d be a significant benefit to application of this teCh75ingu|ar values to be used in the fit). Figure 2 shows the
nique at ATF.

. distribution of the final vertical emittance after correcti
We use the code LOCO [4] for ORM analysis at A_‘TF'for different sets of random skew quadrupole errors. Since
Orbit data are collected from 96 bpms in each plane, in r

to ch 150 horizontal and 51 vertical st Shere are no other errors included at this stage, this indi-
Sponse to changes In orizontal an vertical steenildias the best possible emittance that could be achieved us-

*Work supported by the Science and Technology FacilitiesnGibu ing this technique; the average is just under 2 pm (starting
T K.Panagiotidis@liverpool.ac.uk from an average initial emittance of around 30 pm).
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60 ‘ ‘ ‘ ‘ ‘ ‘ modelled using off-diagonal terms in the gain matrix:
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wherex,,, y,, andz,y are the measured and real positions

of the beam, respectively. Independent valuesyfgrand

gy Were used for each bpm, with rms 0.02. The distri-

0 1 2 3 a 5 6 7 bution of vertical emittances after a “correction” based on
Final Verteal Emitiance (om) skew quadrupole strengths is shown in Fig. 4. The aver-

age final vertical emittance is 5.6 pm. This is significantly

larger than the target value of 2 pm, and may imply a limita-

tion in the technique. Values of order 0.02 for the coupling
components of the bpm gain matrix are believed to be real-

POSSIBLE DEGENERACIES istic for the bpms in ATF.

Degeneracies in the fit can be identified by applyin¢
one kind of error in simulation, and fitting for another.
Of particular concern are degeneracies between orbit cc
rector magnet and bpm parameters, and skew quadrup:
strengths. Corrector magnet or bpm tilts will give the ap
pearance of coupling in the measured ORM and dispe
sion, without actually generating coupling in the machine
If these errors are degenerate with the strengths of tl
skew quadrupoles, then an attempted correction using sk . . m ™ -
guadrupole strengths determined from ORM analysis cou._ Final Vertical Emittance (pm)
increase the coupling in the machine.

LOCO was used to fit skew quadrupole strengths to dafdgure 4: Distribution of “corrected” vertical emittance
generated from a model of the lattice where the only erroMith bpm coupling (250 seeds).
present were corrector magnet rotations around the beam
axis. The vertical emittance was then calculated after a
correction based on the fitted skew quadrupole strengths.
Fig. 3 shows the distribution of the final vertical emittance
for a number of sets of corrector tilts of 50 mrad rms; the
average final emittance is below 0.1 pm. This is muc@O
smaller than the limit of just below 2 pm, that comes fro
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Figure 2: Distribution of final vertical emittance after eor
rection for skew quadrupole errors (250 seeds).

Frequency

REDUCING CORRECTORS

Collection of a full set of ORM data, using all the orbit
rrectors in the ATF, takes between two and four hours.
owever, even with a large set of parameters (hormal and

) . o Aew quadrupole gradients, bpm gains and couplings, cor-
be _determmed. Since the actual corrector tilts in ATF acrfector magnet strengths and tilts) the fit is highly over-
believed to be much smaller than 50 mrad, we conclu

. L Sonstrained. This raises the possibility of reducing the
that there is no significant degeneracy between the COM&Simber of correctors used in the data collection: however
tor magnet tilts and the skew quadrupole strengths. ’

the question then arises as to how many correctors, and
which correctors, are best used for the analysis?

To determine the most effective orbit correctors to use
for determining coupling errors, we simulate ORM data for
a model of the ATF in which only one skew quadrupole
error has been applied at a time. Using only the skew
quadrupoles on one family of sextupoles, we construct 34
orbit response matrices. From these matrices, we take
the components corresponding to the horizontal response

to a vertical kick, constructing a 3-D array of dimension
° 008l Varical Emitaes omy 02 96 x 51 x 34 (96 horizontal bpms, 51 vertical correctors,
and 34 skew quadrupoles). This array can be restructured
Figure 3: Distribution of “corrected” vertical emittanceinto a set of 51 matriceB},, each with dimensiofi4 x 96:
with tilts on the orbit correctors (250 seeds). each of the matriceB,, gives (for a particular orbit correc-
tor) the responses of the bpms to changes in strength of the

Next, we applied bpm coupling errors, and again fittedkew quadrupoles. Finally, we construct a mafrixvhere

for skew quadrupole errors. The bpm coupling errors wereach column corresponds to an orbit correétpand the
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elements within a column are the element$gt o half of the correctors, evenly spaced around the ring;

g)sci Y, e all available correctors.
i _
( . ) =C- ( : ) (2) The distributions of final vertical emittances for each set

are shown in Fig. 6.

where X; is the reading on (horizontal) bpi S; is the
Strength Of SkeW quadrupok; and Yk iS the str'ength Of . Correctors in the straights only 1560rrectors 1/2 arcs 1/2 straights
(vertical) orbit correctok.

Now we perform a singular value decomposition(of
which gives a factorization:

n
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. . . . vertical emittance after correction (pm)
whereW is a diagonal matrix of the singular values@f 5o, Comectors in the arcs only " Al Correctors

andV andU are unitary matrices. The rows of! corre-

sponding to the smallest singular values indicate those cc 20 1

rectors to which the variou8X,/0S; are least sensitive; 10
in other words, those correctors that are least effective 10 5
telling us the skew quadrupole strengths based on analy o o no o
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of the ORM. If we can identify a set of correctors residing
almost entirely in the lowest rows MT, then we should be
able to exclude those correctors from the ORM data, witFigure 6: Distribution of final vertical emittance after eor
out affecting our ability to fit the skew quadrupole errors. rection based on ORM data using different sets of orbit cor-

Figure 5 shows the elements in the rowstof corre- €Ctors.
sponding to the smallest singular valuessofWe find that
these rows are populated almost entirely by orbit corrector
in the two long straight sections of the ATF lattice. This is CONCLUSIONS
perhaps not surprising, given that the skew quadrupoles areFor the simple case of a lattice with only skew
located entirely in the arcs. quadrupole errors, the simulations suggest that we can
achieve a vertical emittance of just below 2 pm in the ATF
damping ring. We also established that there is no signif-
icant degeneracy between skew quadrupole strengths and
corrector magnet tilts. However, there does appear to be
a degeneracy between the skew quadrupole strengths and
the bpm couplings, that may put a lower limit on the verti-
cal emittance, that can be achieved using this technique, of
around 6 pm.

Simulations also suggest that the ORM data can be col-
lected using about half the total number of orbit corregtors
without compromising the final outcome of the correction.
This would have significant practical benefit, in reducing
by half the time taken for collection of ORM data.
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