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Abstract There are 140 beam position monitors (BPMs) in the Shanghai Synchrotron Radiation Facility
(SSRF) storage ring used for measuring the closed orbit. As the BPM pickup electrodes are assembled directly
on the vacuum chamber, it is important to calibrate the electrical center offset of the BPM to an adjacent

quadrupole magnetic center. A beam based alignment (BBA) method which varies individual quadrupole

magnet strength and observes its effects on the orbit is used to measure the BPM offsets in both the horizontal

and vertical planes. It is a completely automated technique with various data processing methods. There are

several parameters such as the strength change of the correctors and the quadrupoles which should be chosen

carefully in real measurement. After several rounds of BBA measurement and closed orbit correction, these

offsets are set to an accuracy better than 10 um. In this paper we present the method of beam based calibration

of BPMs, the experimental results of the SSRF storage ring, and the error analysis.
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1 Introduction

The Shanghai Synchrotron Radiation Facility™
(SSRF) is a dedicated third generation synchrotron
light source with nominal energy of 3.5 GeV. In the
low emittance storage ring like SSRF, minimization of
the closed orbit distortion is an indispensable task for
the optimum performance of the machine, especially
for the vertical emittance. Thus, it is necessary
to have a direct measurement of the relative offset
between the quadrupole’s magnetic center and the
BPM’s electrical center. Knowing these BPM-to-
quadrupole offsets allows one to make the beam pass
through the magnetic center of the quadrupoles. And
it brings about several benefits. First, there is no
steering from the quadrupole which means that the
quadrupole does not generate any orbit distortion or
spurious dispersion. Second, the orbit motion caused
by the quadrupole power supply jitter will be mini-
mized. Third, the quadrupole stations in the SSRF
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storage ring are rigidly attached to the girders and
serve as supports for the vacuum system, the BPM
pickup electrodes are assembled directly on the vac-
uum chamber. According to the specifications of the
quadrupole support and the straightness rulers on the
girders, the relative offset of quadrupole magnet cen-
ters is within 50 pum and is more accurate than the
ones of the BPM.

There are several popular methods used in similar
machines all over the world?. One convenient, fast
and reliable technique called static quadrupole mod-
ulation was used in our measurement. The technique
has significantly increased the absolute accuracy of
the SSRF storage ring BPMs since some of the mea-
sured offsets have been in excess of 1 mm.

2 Theory

Particles passing at a distance u, from the cen-
ter of a quadrupole whose strength is K receive a
deflection AB = BpKu,, the effect on the orbit at
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longitudinal position s is

B(0)
tai(8) = Kl-1uq- 2sin v

VB(s) coslp(s) —mv]. (1)

In a storage ring, there are hundreds of quadru-
ples. If one of them is modulated by K, new = K+
k.K,, for k, <1, suppose that the tune and beta
function won’t change (for the SSRF storage ring, a
quadrupole strength change of AK = 2% introduces
a tune shift about 0.005), then the transverse orbit
changes as:

~ V/B(s)
— tai(s) = 2sin v

Knln [(1 + kn)(uqn,ncw - uqn) + knuqn] X

At (8) = Uginew(S) X

B cos(¢i(s) — ¢n — ] +
Z Kl (g — uqy) X

Jj#n
VB, coslgi(s) — 6, —mw]. (2)
It can be translated into a simple function:
AU~ D, -kyuq, - (3)
Here
D, = (I-C)'B,=(Di,)nx1,
AU, = (Augi)nxa,

B, = <MKnlncos(<pi—<pn—m/)) ,
2sinmv Nx1
V/ Bil3;
C = <2sin7'[JijleOS(<pi_<Pj_T[V)
NXN

It is clear from Eq. (3) that the orbit change from
modulated quadrupole strength is a linear function of
the orbit in the quadrupole. If the orbit goes though
the center of the quadrupole, a subsequent change in
the strength of that quadrupole will have no effect on
the orbit.

According to the above analysis, by varying the
beam positions in quadrupole u,,, then modulating
the strength of the quadrupole and observing the
change in the orbit at the BPMs, one can, in principle,
determine the offset of the orbit in that quadrupole.

In order to achieve the BBA process, one must be
able to individually adjust the quadrupole strength.
It’s also important that the BPM is located near the
quadrupole in the betatron phase, because even if the
beam passes through the center of the quadrupole,
it may be extracted with an angle. That can pro-
duce a large error in our measurement. If then,
the BPM readings can replace the beam positions in
quadrupoles and offsets: uq, = Tppm — %o, o is the

offset of the BPM quadrupole.

3 Measurement steps and procedure

As the described in the last section, there are ba-
sically two steps involved in finding the quadrupole
magnet center: firstly changing the orbit in a partic-
ular quadrupole, then measuring the orbit distortion
by varying the quadrupole strength. These steps are
repeated several times in order to find the position
of the beam orbit which creates the minimum orbit
distortion. From some zppy and Aug, pairs, we can
get a function Auy; = Dy (TepMm.n — Ton) and know
the quadrupole center xq,. There are several meth-
ods to change the quadrupole strength®. A static
modulation method was chosen.

From Formula (3) we know that an offset of BPMn
can be got from each of the 140 BPMs in the ring.
The only difference is the coefficient D;,,. There are
two data processing methods. First, defining the
mean value of all BPMs fit results as the offset:

Nepm

Lo = Z UCOn/NBPM . (4)

n=1
For a more accurate measurement, a merit which con-
siders the whole ring effect is introduced:

Nepm
f(5)= Z (Aug,)? = c(zppm —0)* - (5)
n=1
The results of these two merits are shown in Fig. 1.
The horizontal offset using the first merit between
Q1(1,2) and BPM(1,7) is (—0.0447£0.012) mm, the
second one is (—0.0462+0.0027) mm, and it is much
better. But, as we know, if we fit higher order func-
tion we need more points. This method will cost more
time.

A procedure based on the Matlab toolbox AT
and MML™ is developed. Part of the main function
is written by Greg Portmann!®. It serves many func-
tions, for example, there are four choices for how to
change the orbit.

4 Experiment and result

There are 200 quadrupoles which are distributed
in 20 cells of the SSRF storage ring. They are
powered by digital power supply separately and the
strength of the quadrupole magnets can be individu-
ally changed. Two typical cells are shown in Fig. 2.
Since there are 140 BPMs, the quadrupoles very
close to the BPMs are used for measurement. The
BBA measurement and COD (closed orbit distortion)
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Fig. 2. Two typical cells of the SSRF storage ring.

correction are usually alternately carried out. Bet-
ter results for them benefit each other.
is referred to the next section 3 rounds of measure-
ment have been done. The result is gradually setting
close to the real offset, and more and more accurate.
The error of the vertical offset measurement is about
3 um, and the horizontal one is about 10 um.

The ideal size of AK and the corrector strength
(corresponding to Aug,;) are carefully chosen in the
measurement. If AK and Au,,; are large, the fitting
result is better due to the higher signal-to-noise ra-
tio, but the tune shift will be large and lead to beam
loss. At the same time quadrupole hysteresis will be
introduced, that does not affect the fitting result ac-

The reason

curacy very much, but it does adversely affect the ma-
chine tune since the data are computed many times.
Due to the hysteresis effect, the quadrupoles need to
be cycled after several magnetic centers are found.
The change in quadrupole strength for this experi-
ment was chosen based on trial-and-error. 1.5% was
chosen in the first round for the glancing measure-

ment. 2.5% of quadrupole modulation and a much
smaller corrector strength were chosen in the second
round for a more accurate measurement.

For each quadrupole the vertical and horizontal
offsets were measured separately. Each quadrupole
magnet was paired with the most effective corrector
in each plane by examining the phase advance and
beta functions in an attempt to maximize the change
in orbit at the quadrupole.

Figure 3 shows an experimental result. Here
the BPM-to-quadrupole offset determined was be-
tween Q1(1,2) and BPM(1,7). A vertical corrector
VCM(5,2) in section 5 was used to change the or-
bit vertically, and the result is (0.0217440.0035) mm.
Fig. 4 gives the offset of all BPMs, and most of them
are between +1.2 mm. The ones which are larger than
2 mm seem to be the misalignment of vacuum cham-
bers. It is similar to the result of other light sources
in the world and it indicates that the alignment of
installation is very good.
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Fig. 4. Offsets of all BPMs.

provide a more fundamental systemic limitation. For-
5 Error analysis tunately, the quadrupole variation beam based align-
ment algorithms are nulling techniques: if the beam
passes through the center of the quadrupole, no de-
flection is produced. Therefore, any systematic errors
which distort the fitted magnitude of the deflection
will be decreased by iterating the procedure, provided
the errors are sufficiently small that the algorithm
converges.

There are several kinds of systematic errors. The
first one is the nonlinear effect from the change of tune
OBPM or the sextupole, the second one is energy shift from
N—1 (V is the data number). the corrector. Both of these effects can be reduced

In contrast, systematic errors will cause the algo- by a small as possible orbit change by the corrector,
rithm to converge to an incorrect solution and may at the same time larger change of the quadrupole

There are mainly two kinds of errors in the BBA
measurement: random error and systematic error.
Most of these errors usually arise from the finite reso-
lution of the BPMs. With the technique development,
BPMs have submicron resolution, thus the statisti-
cal errors can be very small and, furthermore, the
errors can be reduced with more data points accord-
ing to the error contribution function for linear fit:

Ofit —
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strength is used in order to gain high signal-to-noise
ratio. The third one is the extraction angle of beam
in the quadrupole. The angle often comes from the
closed orbit distortion.

That’s why BBA measurement and COD correc-
tion are carried out alternately. In the first round, the
COD is comparatively bad. The offset is unknown
and the extraction angles are large too, we have to
make large orbit change by the corrector. The accu-
racy is imaginably bad. But at the second round and
the third round, the condition becomes better and
better. Fig. 5 shows the offset errors of three rounds.

There are other error sources such as the magnetic
center drifts mentioned in Ref. [6].

6 Conclusion

Higher beam current seems to give a better

BPM num

Offsets and errors in 3 rounds.

resolution of BPMs. After three rounds of measure-
ment, the closed orbit deviations are corrected to less
than 50 um in both transverse planes. As we know,
if the offsets are right, the closed orbit of whatever
mode can be correct to a very small one. In order
to prove the validity of these offsets, we have tested
the closed orbit correction in several modes, and find
that in each mode, we can get very good results.

This method of finding the BPM to quadrupole
positional offsets has proven to be reliable and rela-
tively fast. The accuracy of the measurement is sen-
sitive to the BPM and power supply noise, nonlinear
optics and energy shift, and the effects from these er-
ror sources can be substantially mitigated by several
methods. The BPM offsets in the SSRF storage ring
are typically between 0.2—1.2 mm. This technique
has yielded essential data for correcting the closed
orbit in the SSRF.
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