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Abstract

A three-bump local orbit distortion method was applied to the SIS18 closed orbit
(CO) correction. We report on several measurement campaigns on closed orbit mea-
surement and correction carried out in February-May 2006. The details of closed orbit

measurements and results of the correction are presented.

1 The SIS18 equipment for closed orbit measurement and

correction

The CO correction is important for machine operation. The better the CO is corrected,
the less beam loss occurs during machine operation due to increase of the machine’s ac-
ceptance. CO errors are also relevant for feed down effects of multipoles, which may excite
beam loss [1].

The SIS18 has 12 periods and a nominal working point at injection energy with tunes
(4.29;3.29). There are 24 analog beam position monitors (BPMs): 12 in the horizontal
and 12 in the vertical plane [2]. The BPMs are placed in pairs (horizontal and vertical)
in every period before the dipoles. The BPMs have separate pickup plates and allow in-
dependent CO measurements. In SIS18 6 horizontal and 12 vertical steerers are available
for CO control and correction. The vertical steerers are located in every period after the
first quadrupole. The horizontal steerers are implemented as correction coils in the dipole
magnets and are located in the first dipole of the periods 1, 3, 5, 9 and 12. The horizontal
steerer in period 6 is in the second dipole. At extraction energy two more steerers in the
10th and 11th period are available in the first dipole. In Fig. 1a the BPM- and steerer-

locations for one SIS18 cell are shown.



2 Description of the experiment campaign

The measurement campaigns during February-May 2006 were performed in order to mea-
sure the Orbit Response Matrix (ORM) [3] of SIS18. This matrix will be used to retrieve
the SIS18 linear optics, which will appear in a future GSI internal note. Once the linear
optics is known, the improvement of SIS18 performance can be studied through linear
optics codes such as MAD or MIRKO. However, while measuring the ORM, as an inter-
mediate step, we corrected the CO by a local bump method [4]. All measurements were
taken with different ions, energies and tunes. The multiturn injection was set to fill SIS18
acceptance. The order of intensity and injection energy were kept about the same. De-
tailed information about the measurements is presented in Table 1. The low intensity level
for ORM measurements was required in order to exclude the influence of space charge on

the beam position.
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Figure 1: a) One SIS18 cell: 1,2 - horizontal and vertical BPMs; 3,4 - horizontal steerers
located in first/second dipoles; 5 - vertical steerer; b) Relative SIS18 CO measured by
scope and POSI [5].

3 Test on closed orbit measurements

To start the measurement, several cross checks of CO diagnostics were done. To measure

the beam averaged position, two data acquisition systems are available: 1) directly by



Table 1: CO and ORM measurement campaigns in February-May 2006.

Measurement | Ion, extraction Injection Operating | Order of
campaign energy, MeV/u | energy, MeV/u tunes intensity
February 8, 1206+, 200.00 11.528 (3.29:4.29) 10°
February 23-28, | 107 A¢*3*+, 300.00 11.165 (3.29:4.29) 10°
March 1,
March 15, 40 Ap18+ 1 350.00 11.290 (3.29:4.29) 10°
April 5-8, 86 )34t 11.24 11.241 (3.29;4.29) 10°
April 18-20, | 4048+ 200.00 11.380 (4.17;3.35) 10°
(3.29:4.29)
May 1-2, 306414+ 11.38 100.000 (4.17;3.35) 10°

oscilloscope and 2) with the POSI program [5]. The use of the scope requires development
software for data acquisition. Using POSI is faster, because the acquisition of all BPMs is
automated and summarized into output files, which can be used for offline data analysis.
Consequently we used POSI for the CO studies. By setting the measurement time in POSI
one can properly set the storage time (turns) of the CO data. From the average over the
stored data the averaged beam position is retrieved. In POSI there is the possibility to
start measuring beam position at different initial times, by hardwiring the event in the
electronic room. The default setting for the POSI start is at the ”beginning of acceleration
ramp”, but it can be changed to any arbitrary event (to the "beginning of injection” or
to the "beginning of extraction”). During the experimental campaign an upgrade of the
In all

measurements POSI was run in ” Narrow band” mode [5]. Oscilloscope CO measurements

POSI software was implemented in order to extract more realistic CO data [6].

also provided a complementary good crosscheck of the POSI results.

3.1 Test 1: Comparison of scope and POSI measurement

As a first test we measured the difference between CO when the correction steerers are
present and when they are switched OFF. The existing corrector setting was taken by
B. Franczak in 1989. In Fig. 1b we show the results: the red and blue curves represent
POSI and oscilloscope measurements respectively. Note BPM #7 was absent in this POSI

measurement. The agreement between the scope and POSI curves is within the error-bars.



3.2 Test 2: Comparison of MAD, MIRKO predictions with measure-

ments

Simulations with MAD and MIRKO of the CO with correction ON and OFF were done in
order to compare the relative CO shifts with the POSI measurements (see Figs. 2 and 3).
In the horizontal plane MAD and MIRKO differ a little due to different dipole modelling.
The red curve on both pictures is the POSI measurement made on February 8. The
vertical BPMs #7 and #8 were also absent in this measurement. We find that the relative
experimental horizontal and vertical CO curves do not fully overlap the theoretical ones.

To fit them completely the ORM analysis is required.
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Figure 2: Relative (the difference between steerers ON and OFF) horizontal CO, black
curve - MAD calculation, green curve - MIRKO calculation, red curve - February 8th CO

measurement.

3.3 Test 3: Reproducibility of closed orbit measurements with POSI

The reproducibility of the relative CO measurements for a fixed tune is important. In
order to control it we put on the same plot, see Figs. 4 and 5, the relative POSI CO
measurements of several experimental campaigns. The tune was set to (4.29,3.29) and all
the CO curves of Figs. 4 and 5 were taken at injection energy. Unfortunately, from experi-
ment to experiment the number of functioning BPMs was not constant. Nevertheless, the

reproducibility of the CO for different measurements can be clearly seen. This test was
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Figure 3: Relative (the difference between steerers ON and OFF) vertical CO, black
curve - MAD calculation, green curve - MIRKO calculation, red curve - February 8th CO

measurement.

performed before every measurement campaign to be sure that the POSI set up is correct.
The CO measurements in Figs. 4 and 5 were performed on different days with different
conditions (see Table 1). The reproducibility therefore is not better than +/- 1.75 (or 2)
mm for the horizontal CO and +/- 1 mm for the vertical CO.

4 Three-bump local orbit distortion method and its appli-

cation in SIS18 for correcting the closed orbit

The CO can be locally corrected at specified locations using steering dipoles by means
of the three-bump method, where three steering dipoles are used to adjust local-orbit
distortion. Lets take any three steering magnets of the SIS18 ring, see Fig. 6, and let 61,
f2 and f3 be the three bump angles of these steering magnets. The condition of the local
bump leaves unchanged the orbit at steerers 1 and 3 so that the CO outside of the steerer

region 1-3 remains unchanged. This requirement sets a constraint between the angles 61,
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Figure 4: Reproducibility of the horizontal CO in POSI measurements.
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Figure 5: Reproducibility of the vertical CO in POSI measurements.

62 and 03 according to [4]

01 = free parameter
- / B1 sin 31
02 = 01 B2 sin 32 (1)

— By sin g
b = Oy v



where 3; is the B-function at the ith steering magnet, 1;; = 1; —1); is the phase advance
from the ith to the jth steering dipole. Note that in Eq. 1 the steering angle 0, is a free

parameter which allows a ’control’ on the CO deformation between steerer 1-3.

T7*1°---. 3 steerers

Figure 6: The SIS18 ring with three periods marked. Three steerers are indicated with

arrows.

If steering dipoles are located in the same positions in every period (symmetry), the
dependence of the g-function in Eq. 1 is removed, as 1 = (o = f3. For this reason
the bump angles in Eq. 1 are only dependent on the phase advance between the steering
dipoles, which could be written as

Yij = (j —1)A @)

where Ay = %, N =12 - number of periods, and Q is the horizontal /vertical tune. For

three neighbouring vertical steerers symmetrically located in each of the 12 periods, Eq. 1

becomes
01 = free parameter
_ sin 2A)
Oy = —b1 SIE’I At (3)
03 = 01

For applying Eq. 3 no optical functions are needed; only the phase advance between
steering dipoles, calculated according to Eq. 2.
When applying the three-bump method in SIS18 experiments, the effect of the CO local

bump was simulated in MAD by using the above described formulas for the horizontal



Table 2: The SIS18 steering angles for the vertical local orbit distortion in Fig.7.

steering angles | curves curves curves
(0-sets) land 4 | 2 and 5 | 3 and 6
01 0.10 0.50 1.0
0 0.03 0.15 0.3
03 0.10 0.50 1.0
0 -0.10 -0.50 -1.0
Os -0.03 -0.15 -0.3
g -0.10 -0.50 -1.0
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Figure 7: Simulation for SIS18 lattice of two sets of vertical local CO distortions using
three steering dipoles in the 1st, 2nd, 3rd period, and in the 7th, 8th, 9th period.

and vertical plane. In Fig. 7 is shown the effect of the vertical local orbit distortions in
the presence of two sets of steerers. The first set is formed by using the steering dipoles
in the 1st, 2nd and 3rd periods. The second set is formed by the steering dipoles in 7th,
8th and 9th periods. These two sets differ in the direction of bumping by the sign of ;.
The settings for 61, 05 and 03 calculated by Eq. 3 are summarized in Table 2. The angles



0 are in mrad. From Fig. 7 and Table 2 one can see that curves 1, 2 and 3 differ from each
other by the strength of the bump angles, similarly for curves 4, 5 and 6.

The three-bump method can be applied to a distorted closed orbit by bumping the CO
with the proper angle calculated by Eq. 1, in the opposite direction of distortion, so
as to improve the CO distortion. Following this strategy in each plane the CO can be
consequently corrected at all positions by altering all steerer in groups of three. For the
vertical plane where 12 steerers are available a scheme which uses all steerers permutations
is applied. It is not necessary that all three steerers are located in neighbouring periods.
In the horizontal plane (at injection energy) we have only six steerers available and the
steerers’ combinations could then be: (135) (356)(569) (6912) (9121) (121 3) or (3
59). The example of applying Eq. 1 for the last combination (3 5 9) of horizontal steerers
is presented in Fig. 8 with steerer angles reported in Table 3. Due to the symmetrical

locations of the 3rd, 5th and 9th steerers in every first dipole Eq. 1 reads

fs = free parameter
_ sin 6A

95 - _03 sin 4AY (4)
_ sin 2A

99 - 03 sin 4A)

Note that steerer #6 is located in the second dipole (not symmetric to the others).
Calculations of bump angles using this steerer should be done by Eq. 1 including the -

functions (S-function for SIS18 is different for injection and extraction energy).

Table 3: The SIS18 steering angles for the horizontal local orbit distortion in Fig.8.

steering angles | curve 1 | curve 2 | curve 3
(0-sets) (blue) (red) | (green)

03 0.100 0.500 1.00

05 -0.183 | -0.915 -1.83

Oy -0.227 | -1.135 -2.27

For implementing the local CO distortion correction the steerers should be well calibrated.
If the ratio between 61, 62 and 63 calculated according to Eq. 1 is broken because of bad
steerers’ calibration, then the creation of a local CO distortion is impossible. In this case
the CO will be globally distorted along the machine.

In Figs. 9 and 10 an example of measured vertical local SIS18 CO distortions is presented.

Four values of 6; namely -1.0, -0.5, 0.5, 1.0 mrad were used for finding the corresponding
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Figure 8: Simulation of the SIS18 lattice with three horizontal local CO distortions using
three steering dipoles in the 3rd, 5th, 9th period: curve 1 (blue), curve 2 (red), curve 3

(green).

four 6> and four 03. Every set of 61, 02 and 63 gives a local distortion to the CO, see Fig. 9.
The BPM #8 didn’t function during the measurements and was excluded. The BPM #4
from time to time gave measurement errors (see Fig. 9 magenta curve and Fig. 10 black
curve). In Fig. 9 is shown that the local orbit distortion is reproduced better than in
Fig. 10. In Fig. 9 the distortion from the 1st, 2nd, and 3rd steerers is localized in between
the 1st and 3rd steerers (see BPMs #1 and #2, which are located in between the 1st and
3rd steerers). In Fig. 10 is shown an ”imperfect” local orbit distortion (CO is distorted
globally a little), that means that one of the three steerers (9, 10, 11) has a gain factor a
little different from 1.

5 Closed orbit correction

We list here in Figs. 11, 12, 13, 14 horizontal and vertical CO before and after correction for
injection and extraction energy. The figures represent the CO at high intensity working
point: the horizontal and vertical tunes are (4.17, 3.35). In the Tables 4 and 5 the
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Figure 9: Local vertical CO distortion of different strength created by the 1st, 2nd, 3rd
vertical steerers in the SIS18, measured by POSI: black curve - #;= -1.0 mrad; red curve

- 0= -0.5 mrad; magenta curve - #;= 0.5 mrad; blue curve - ;= 1.0 mrad.
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Figure 10: Local vertical SIS18 CO distortion of different strength created by the 9th,10th,
11th vertical steerers in the SIS18, measured by POSI: black curve - #;= -1.0 mrad; red

curve - 1= -0.5 mrad; magenta curve - ;= 0.5 mrad; blue curve - ;= 1.0 mrad.
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correction steerer angles are given in mrad. These correction values are saved in the

accelerator’s control software and currently used.
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11: The horizontal and vertical CO at injection energy before correction.
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Figure 12: The horizontal and vertical CO at injection energy after correction.

Using the 12 vertical steerers, the vertical CO was brought to a straight line with near

to zero mm displacement. As already mentioned, the BPM calibration gains should be

12
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Figure 13: The horizontal and vertical CO at extraction energy before correction.
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Figure 14:

The horizontal and vertical CO at extraction energy after correction.

taken into account to be sure in the measured beam position displayed by the POSI or
by the scope. The horizontal correction was performed not as accurate as the vertical one
because of the lack of steerers (only 6 at injection and 8 at extraction) in this plane. It

was also checked that the correction setting found provides a corrected CO which is not

13



sensitive to different extraction energies in the range of [100;1000] Mev /u.

We have checked the robustness of the correction by changing the tune from (4.29, 3.29) to
(4.17, 3.35) and keeping the correction steerers unchanged. We found no relevant changes.
We tried to understand these results by changing the tune in the MAD simulation in
Figs. 7 and 8. In the vertical plane we did not find visible effect on the CO by changing
the tune. In the horizontal plane the effect is larger, but still acceptable. This suggests

that the dipolar errors in the SIS18 are not sensitive to the tune in the range explored.

Table 4: The steering angles for horizontal correction.

Period | Name of steerer | Value setting | Name of steerer | Value setting
number at injection at injection at extraction at extraction
1 SOIMUTA_1 -0.965 SOIMU1A 2 -0.993
3 SO3MU1A 1 0.335 S03MU1A_2 0.241
) SO5MUTA 1 1.036 SO5MU1A_2 1.742
6 SO6MU2A 1 1.190 SO6MU2A 2 1.900
9 SOOMU1A_1 -0.741 SOOMU1A 2 0.000
12 S12MU1TA_1 -0.387 S12MU1A 2 -0.387
10 — — S1I0MU1A 2 -0.990
11  — SIIMU1A_2 -0.217

6 Conclusion and Outlook

The CO measurements and ORM measurements were performed in several campaigns in
SIS18. The horizontal and vertical SIS18 CO was corrected using the three-steerers local
bump method. The local bump method has shown that all steerers appear to be well
calibrated. The horizontal correction is not as perfect as the vertical, because of the lack
of steerers. Tests performed with optimized multiturn injection have shown that after the
CO is corrected the intensity of the beam increased at least by a factor of 2 as a result of
an obtained larger machine acceptance.

It should be added that the present correction scheme does not represent the best opti-
mization for SIS18. In fact maximum acceptance do not necessarily correspond to a flat
CO. Only by using the modeling of SIS18 via the ORM and including all machine inser-

tions, the optimization study will be completed.
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Table 5: The steering angles for vertical correction.

Period | Name of steerer | Value setting | Name of steerer | Value setting
number at injection at injection at extraction at extraction
1 S01KM2DV_1 0.163 SO1KM2DV _2 -0.146
2 S02KM2DV_1 -0.496 S02KM2DV _2 -0.017
3 S03KM2DV _1 0.025 S03KM2DV _2 -0.135
4 S04KM2DV_1 -0.368 S04KM2DV_2 -0.023
5 S05KM2DV _1 -0.379 S05KM2DV 2 -0.529
6 SO6KM2DV _1 0.375 SO6KM2DV 2 0.284
7 SO7TKM2DV _1 -0.441 SOTKM2DV 2 -0.241
8 SO8KM2DV_1 -0.417 SO8SKM2DV_2 -0.065
9 S09KM2DV_1 -0.245 S09KM2DV_2 -0.184
10 S10KM2DV_1 -0.088 S10KM2DV _2 -0.039
11 S11KM2DV_1 -0.500 S11IKM2DV _2 -1.000
12 S01KM2DV_1 -0.177 SO01KM2DV_2 0.123

Further measurements are needed to assess the effect of CO correction on resonance exci-

tation.
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