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Abstract

The PEP |l lattices are unique in their detector solenoid
field compensation scheme by utilizing a set of skew
quadrupolesin the IR region and the adjacent arcs left and
right of the IP. Additionally, the design orbit through this
region is nonzero. This combined with the strong local
coupling wave makes it very difficult to calculate IP tun-
ing knobs which are orthogonal and closed. The usual ap-
proach results either in non-closure, not being orthogonal
or the change in magnet strength being too big. To find a
solution, the set of tuning quads had to be extended which
resulted having more degrees of freedom than constraints.
To find the optimal set of quadrupoles which creates alin-
ear, orthogonal and closed knob and simultaneously min-
imizing the changes in magnet strength, the method using
Singular Value Decomposition, Response Matrices and an
Adapted Moore Penrose method had to be extended. The
results of these simulations are discussed below and the re-
sults of first implementation in the machine are shown.

INTRODUCTION

Optimizing the interaction point(s) (IP) of colliders re-
quire tools that allow changes to lattice parameters (e.g.
beta-, dispersion-functions) in this point. One approach
is to create a set of tuning knobs. By design, these have
to change one parameter only in one plane and introduce
changesto al the lattice functions must be local. These are
compiled of aset of interaction region (IR) magnets. In or-
der to be applicableto practical tuning in the real machine,
the magnet changes induced have to be free scalable and
in addition, this scaling has to be linear. It is theoretically
possible to calculate nonlinear scaled knobs, but in order to
apply them successfully, in the real machine, the absolute
value of the parameter to be changed hasto be known. This
information isin most cases not available.

Specia efforts during the design phase of the lattice
guarantee that these tuning knobs can be generated. Many
lattices undergo several upgrades to increase the perfor-
mance of the collider. During these upgrades, the induced
changes result in reduced functionality or often the knobs
seize to work. However, these knobs are essential for tun-
ing so that new knobs can be generated. It has been demon-
strated at RHIC [1] by applying Singular VValue Decompo-
sition to Response Matrix Analysisthat anew set of tuning
knaobs can be calculated. The advantage of this method is
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that it is not bound to a specific code. In the case of RHIC
the response matrix was extracted out of the model whichis
used to control the accelerator and was more precise than
the MAD model. In this case, the number of constraints
was egual to the number of available knob magnets.

To apply this method to the high and low energy ring
(HER, LER) in PEP Il the method described in [2] had to
be extended. In this case, the number of available degrees
of freedomisfar larger than the number of constraints. The
central task to calculate a set of tuning knobs was to iden-
tify the optimal set of knob magnetsto be used.

LOCAL CORRECTION OF IP
PARAMETERS

To locally correct any |P parameter there are at |east two
magnets necessary, one on each side of the IP. The first
magnet creates a perturbation on the incoming beam result-
ing in thewanted change at the IP and the second correcting
the outgoing beam by matching it to the unperturbed func-
tion. In most of the cases, this perturbationis not limited to
one lattice function but effects all parameters. If this per-
turbationislarger than atolerated error it must be corrected
by adding magnets, one pair per parameter, to the original
set. This determines the size of the knob.

The response matrix is calculated by varying the range
of magnet strength individually and recording the response
of the parameters of interest. During this procedureit isim-
portant to ensure that the responseis measured in the linear
regime since SVD breaks down when applied to nonlin-
ear responses. This analysis also determines the magnet
strength changes of the individual magnets. Theoretically,
by inverting this matrix, one can simply calculate a knob
for any of the parameters. In practice, this most likely
fails. The main reason is that at least one of the magnets
is changed beyond its linear range.

This can be overcome by analyzing the sensitivity ma-
trix (s-matrix). It indicates the effect of the magnets on
the parameter. A small s-value forces a hit change of the
magnet and vice versa. If the values of the ssmatrix show
a too large spread, the particular set of magnets will not
produce a working knob. This was the key issue to solve
for the RHIC lattice. The s-values of the maximum mag-
nets/constraint pair is 10° times larger than the final solu-
tion. This was accomplished by not constraining parame-
ters. This approach can not always be successful. When
the unconstrained parameters change is larger than the al-
lowed range, the knobs range is reduced or will not work
in practice at all.
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EXTENDED METHOD

The basic idea of this method is to analyze the sensitiv-
ity matrix in a two dimensional parameter space. Origi-
nally only the spread of the s-values within one s-matrix
was analyzed as described above. In practice, not al knobs
calculated with this method were successfull athough they
al fulfilled the condition of minimal s-value spread. De-
tailed analysis showed that the absolute s-values were too
small, which means that the knobs range will be too small.
When using the knob beyond its range the nonlinearity will
causeit tofail. This problem can be solved by also consid-
ering the absolute component of the s-values as well. It is
sufficient to include only one absolute value into the opti-
mization, generally thelargest, asthe others are determined
through the spread. This leads to a two dimensional opti-
mization problem. Both, absol ute s-values and spread have
to be maximized. In the case of LHC [2] and RHIC [1] the
number of available magnets after the first part of the anal-
ysis (response analysis) was equal to the number needed.
Therefore, only the ss-matrix spread were analyzed. For
HER and LER of PEP Il the available magnets was larger
than needed. First a set of magnets was analyzed accord-
ing to the standard lattice design considerations. This set
showed avery large spread and when applied to the model
could not produce a solution.

. Singular Value Distribution * tuning knobs at 1P2
10 : : :

max

4 data

+ minindex(1)
+ minindex(2)
¢ maxindex(1) &
o maxindex(2)
o maxindex(3)

10 ‘ ‘ ‘
107 107 10°° 10°° 10"
s /s [1]

min “max

Figure 1. Doublelogarithmic representation of the s-matrix
value pairs. The green points depict all possible solu-
tions. The magenta diamond marks the set with the small-
est spread, the blue square with the largest absolute s-value,
the red square is an optimization of the spread in the vicin-
ity of the largest absolute s-value. The red and blue dot are
the result of optimizing both with different weights.

For the HER the number of needed magnets is 24.
The available magnets are 34. This theoretical gives
1.311281e+08 possible solutions. Symmetry considera-
tions reduce this number to 6188 which are based on the
conditions described above. These conditionswere verified
on areduced set to cope with time and memory limitations.
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This number is by far to large so that a manual analysisis
not possible.

To visualize this problem each matrix is represented by
a coordinate pair in the two dimensional plane. The ab-
scissa represents the s-value spread as ratio of the smallest
to largest value *mi» /. . The ordinate depictsthe largest
s-value. When looking at this representation one finds that
there is no obvious optimal solution. Either one coordi-
nate moves fast away from its maximum as the other in-
creases. By connecting local maxima a curve is formed.
The optimum solution must lie on this line. Plotting the
same data on a double logarithmic plot this line becomes
a straight. Based on this information different conditions
to find maxima have been derived. These are plotted in fig-
ure 1. Plotting the s-matrix values, with normalization such
that the largest value equals one, of the solutions found by
the maximization criteria, is shownin fig. 2.
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Figure 2: S-value spread of the five different solutions
found with the optimization mechanism. The maximum
spread differenceis afactor of 104. The other solutionslie
in between.

These two plots visualize the essence of this anaysis.
The first minimizesthe solutions of interest by determining
the local maxima. Out of this group a small set is derived,
in this example five. The blue box in figure 1 represents
the magnet combination with the largest absolute singular
value. It has consistently been observed that this is not a
local maximum for the pair. So as one condition the local
maximum is calculated with emphasis on the absolute s-
value. No case has been observed where alocal maximum
for the s-value spread had to be calculated. The second
group of conditions minimizes the difference for both val-
ues of the pair, one with a linear condition the other with
alogarithmic. A more detailed behavior of the s-matrix of
these five solutionsis depicted in figure 2.

This analysis does not guarantee that any of the found
magnet combinations can be used to calculate aknob. The
only way totest theseisto use any optics code and calculate
a solution by matching or to calculate them directly from
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the response matrix. It has been demonstrated, that the dif-
ference between amatched solution and the result by using
the response matrix are smaller than the resolution of the
hardware.

RESULTSOF IMPLEMENTATION IN THE
HER

For the HER all five magnet combinationswhere used to
try to calculate a vertical IP 3 knob. This was done with
MADX. The combination which maximizeswith emphasis
on the s-value spread, represented by the magenta diamond
infigure 1, wasthe only one being successful. Thisresultis
in particular very interesting as this magnet combinationis
only comprised of local skew quadrupolesand quadrupoles
of the dispersion suppressor. None of the doublet magnets
are part of this combination.

This knob was based on the HER design model and
tested in August 2006. The results were encouraging. The
vertical * was reduced but only by half of what the simu-
lations predicted. The biggest problem were that the knob
was not orthogonal to the coupling parameters. The mea-
sured C, deteriorated while dialing in the knob. A more
detailed analysis revealed that the problem was most likely
caused by the fact that the design model differs significant
from the real machine.
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Figure 3: HER vertical (3-beat with respect to the design
|attice measured before theimplementation of the 37 knob.

The Model Independent Analysis (MIA) mechanism
provides a model which describes the physical machine
was far better. Based on this information and the results
from the first test a mechanism was developed which au-
tomatically generatesa MADX model based on the model
calculated by MIA.

This model was used to recalculate the knob values
and the knob was successfully tested. The vertical IP -
function changed from 10.5 mm to 9.15, with 9.0 predicted
by the simulation, and the coupling did not change signif-
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icantly. The changes of other parameters were all smaller
than the allowed range. No g wave developed around the
ring in both planes. Figures 3 and 4 show the effect of
the knob for the 3-function in the vertical plane. In the
IR2 area where the knob magnets are located, a symmetric
wave develops. This wave is local and changes the 37 as
desired.
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Figure 4: HER vertical [3-beat with respect to the design
| attice measured after the implementation of the 37 knob.

This magnet combination also allows to cal culate knobs
for the four coupling parameters. As this knob is com-
prised partially of norma quadrupoles, its application to
normal operator tuning is problematic as the magnet stan-
dardization will belost. To avoid this problem, the analysis
was repeated with only skew quadrupoles. A solution was
found which corrects C'11 and C1» at the IP. This knob was
successfully implemented.

SUMMARY

To calculate IP parameter knobs a set of suitable mag-
nets had to be determined out of alarger group. The method
based on singular value decomposition was extended to an-
alytically find this set. This method has been used to gen-
erate avertical 8* knob for the HER which was tested suc-
cessfully. To better describe the physical machine amecha
nism was generated which ports the MIA generated model
to MADX.
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