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Abstract
The Beam Based Alignment (BBA) of the BPM is inevitable for precise and absolute beam position measurements. Even though careful fabrication and installation of
the BPM detector, it has to be calibrated by using the beam.
Usually, it requires that the individual quadrupole magnet
is able to be controlled. However, it is not always that case.
In addition, scanning over the all BPM is time consuming
procedure. The BBA method under coupled QM environment would help to reduce time for calibration. It presents
general formula and experiences at J-PARC RCS and parts
of results are compared with the ordinal method at J-PARC
MR.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) comprises three accelerators [1] and three experimental facilities by using various intensive secondary particles for a variety of scientific programs. Its construction
phase has been completed and started user operation[2, 3].
The RCS (3-GeV rapid-cycling synchrotron) is a 25Hz cycle machine and designed to provide 1 MW beam power
for the MLF (Material and Life science experimental facility) and the MR (Main Ring). The RCS beam power
has been regularly 120kW (intensity of 1 × 10 13 ppp) since
November 2009. One hour 300kW operation, which intensity is about 2.6 × 1013 ppp, was also performed as a
demonstration. This intensity is provided to the MR every
3.52s, if the MR beam power is set to 100kW. The MR
has been beam commissioned in May 2008, started from
very low intensity, 4 × 10 11 ppp. Before a summer shut
down of 2010, it gives maximum beam power of 100kW
(several 10kW in regularly) for Fast Extraction (FX) to the
neutrino beam line.
The BPM (Beam Position Monitor) system of the
RCS [4, 5] and that of the MR [6, 7] is one of the important devices. These BPM detectors have a good linear response due to its diagonal cut electrode and a resolution of
20∼30μm. However, its offset with respect to the nearest
QM (quadrupole magnet) remains as uncertainties, in spite
of careful and precise fabrication and installation. Those
uncertainties have to be measured using the beam experimentally, namely by beam based alignment (BBA).
If an individual QM is controllable, it is rather simple
and there are some examples of such analysis [8, 9, 10, 11].
However, in the RCS, it is more complicated, since several
∗ naoki.hayashi@j-parc.jp

Beam Dynamics in High-Intensity Circular Machines

QMs are coupled together and only a group of QM can
be controlled as family. For such a case, by extending the
single QM sweep method to the multiple QM sweeping,
and multiple BPM offset can be determined simultaneously
and its preliminary results are presented [12].
In the MR, only some selected BPMs, which are in the
slow or the fast extraction section, are corrected. Although
determination of the offset and its correction is important,
BBA is time consuming measurements. So far, it is not
able to find such measurements during the limited accelerator machine study time. If the multiple BPM offsets are
determined at once, it may help.
In this paper, in order to show this multiple QM sweeping method works generally, two analysis methods were
applied to the MR for comparison. It is also presents further analysis, including higher order effect, on the RCS are
presented.

REVIEW OF BEAM BASED ALIGNMENT
METHOD AND ITS EXTENSION
The principle of BBA is that the orbit is not affected
when one QM focusing is changed (ΔK), if the beam
passes through the center of that QM. Otherwise, the beam
is displaced by x1 = 0 at that QM and the orbit is modified
due to the dipole kick of ΔKx 1 .
BPM COD data for different initial orbits are taken with
varying the QM field strength for BBA. An original orbit, x1 (s), is described by following Hill’s equation using a focusing function K(s) of QM, and any field error
−ΔB/Bρ.
x1 (s) + K(s)x1 (s) = −

ΔB
Bρ

(1)

Then, one of QM at s = s n , has a changed field gradient
by the amount ΔK , and the orbit is modified from x 1 (s)
to x1 (s) + x2 (s). This is expressed as,
ΔB
.
Bρ
(2)
By taking the difference between eq.(2) and (1), it becomes

(x1 (s)+x2 (s)) +(K(s)+ΔK)(x1 (s)+x2 (s)) = −

x2 (s) + K(s)x2 (s) = −ΔK × [x1n + x2n ]  −ΔKx1n
(3)
by ignoring the term ΔKx 2n . Here, x1 (sn ) ≡ x1n , and
x2 (sn ) ≡ x2n . Since ΔK(s) is none-zero only at s = s n ,
eq.(3) could be rewritten using this constant ΔK as,
x2 (s) + K(s)x2 (s) = −ΔKδ(s − sn )x1 (s)

(4)
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Now, the orbit change x 2 (s) is described as a COD caused
by a single kick ΔKx1n and it is expressed by
x2m ≡ x2 (sm ) = anm ΔKx1n ,

(8)

Assuming virtual dipole elements at the varied QMs and
using an optics model, the modified COD (x 2 (s)) could be
fitted by using these dipole kicks ΔKx 1n , ΔKx1l , ΔKx1s
as free parameters. Dividing the determined dipole kick by
the field gradient change ΔK, one can estimate the beam
position inside these QMs, x1n , x1l and x1s .
Here, an effect due to neglecting ΔKx 2 would be evaluated. The effect of higher order terms of (ΔK) in eq.(8)
are calculated as follows. In case of one QM (at s = s n ),
the modified orbit x 2 (s) at the location m is
x2m = −amn ΔK(x1n + x2n )

(9)

and particularly the position at m = n, it becomes
x2n = −ann ΔK(x1n + x2n )
ann ΔKx1n
.
1 + ann ΔK

(10)

(11)

= −amn ΔK(x1n + x2n )
amn ΔK(x1n )
.
= −
1 + ann ΔK

(12)

In case of multiple QM (at s = s n , sl , ss ), it is similar as
above. The equation of x 2 (s) is
x2 (s) + K(s)x2 (s) + ΔK(x1n + x1l + x1s )
+ΔK(x2n + x2l + x2s ) =

0,
(13)

expression appears in ref.[9], but K in its denominator should
be corrected by ΔK. And this is no more only lowest order expression,
but includes higher order ΔK contributions.
1 Similar
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When m is equal to n, l or s, (m = n, m = l, or m = s),
each cases are
x2n

=

−ΔK [ann (x1n + x2n )+
anl (x1l + x2l ) + ans (x1s + x2s )] , (15)

x2l

=

−ΔK [aln (x1n + x2n )+
all (x1l + x2l ) + als (x1s + x2s )] ,

(16)

x2s

=

−ΔK [asn (x1n + x2n )+

asl (x1l + x2l ) + ass (x1s + x2s )] . (17)
⎞
⎞
⎛
⎛
x1n
x2n
Here, using x1 = ⎝ x1l ⎠, x2 = ⎝ x2l ⎠ , A =
x2s
⎛
⎞ x1s
ann anl ans
⎝ aln all als ⎠, and 3 × 3 unit matrix I, they are
asn asl ass
expressed as following.
x2 = −ΔKA(x1 + x2 ).

(18)

Explicit expressions of x2 , and x1 + x2 are
x2 = (I + ΔKA)−1 (−ΔKA)x1 ,
x1 + x2

(19)

= (I + ΔKA)−1 {(I + ΔKA) − ΔKA}x1
= (I + ΔKA)−1 x1 .
(20)

ams ](I + ΔKA)−1 x1 .
(21)
This formula can be easily extended if the number of
sweeping QM is increased.
x2m = −ΔK[ amn

aml

BPM AND QM SYSTEM OF THE RCS
AND THE MR

Then, at a location m, orbit change x 2m would be, 1
x2m

(14)

Finally, the solution of equation (13) becomes,

and this constant x2n can be determined as
x2n = −

= −ΔK [amn (x1n + x2n )+
aml (x1l + x2l ) + ams (x1s + x2s )] .

and
(7)

A well measured optics model and one set of orbit data
for all BPM by QM variation allow us to estimate the BPM
offset. The solution of eq.(3) is eq.(5), and the solution of
eq.(7) is similarly,
x2m = ΔK[amn x1n + aml x1l + ams x1s ].

x2m

(5)

where, m indicates an arbitrary location in the ring (s m )
and
√
βn βm
cos (πν − |φn − φm |) .
(6)
anm =
2 sin πν
βn ≡ β(sn ), φn ≡ φ(sn ) are the beta function and the
phase at s = sn and ν is the tune.
In case, multiple QMs have been changed simultaneously, for example three QMs at s = s n , sl and ss are
coupled together, the equation of the orbit change x 2 (s)
becomes,
x2 (s) + K(s)x2 (s) = −ΔK[x1n + x1l + x1s ].

and its solution at arbitrary location m is,

There are 54 BPM sensor heads around the ring for COD
measurements at the J-PARC RCS [4]. Every half-cell, one
BPM is located in front of a QM or behind. There are seven
QM families, called QFL, QDL, QFM, QDX, QFX, QDN
and QFN. The numbers of QM for these families are: 6,
6, 3, 9, 12, 12 and 12, and the total number is 60. QMs
among each family are coupled, because they are connected
to one power supply in series, and only a complete family
can be controlled, not an individual QM. Most of QM have
a corresponding BPM, except a half set of the QFX family.
In the MR, there are 186 BPM detectors and 216 QM
with 11 families. Its insertion straight section, there are 7
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Measured Condition
RCS The data for BBA were taken with the following
condition. The RCS was set to the DC storage mode, no acceleration mode. The initial operating tune was (ν x , νy ) =
(6.38, 6.45), the linac current was 5mA, the macro pulse
was 0.1ms, the chopping was 560ns, the number of bunches
is 1, and the beam intensity was about 8 × 10 11 ppp. The
BPM electronics gain was selected to be ×10.
Each QM family current had been changed by
0, ±2, ±4% in principle, however, sometimes different set
points were used to avoid the beam loss by resonance. Nine
steering magnets, both horizontal and vertical each, had a
kick of 0.5mrad to define the initial orbits.
MR As same as the RCS, the special measurements
for BBA were taken with 3-GeV DC mode. BPMC (BPM
signal processing units)[7] were operated with ’continuous COD mode’. The beam was kept about two seconds
and the last half of the continuous data were taken with
1 ms sampling speed, namely 1000 points, and these are
averaged for the analysis. The beam intensity is about
4.8 × 1012 ppp with 6 bunches and the initial operating tune
was (νx , νy ) = (22.40, 20.80).
When an individual QM was excited, the condition
was following. The quadrupole magnets of the MR are
equipped with the auxiliary coil winding and a remote controllable switcher selects one of the auxiliary coil and connects to a small DC power supply. The current from -4 to
+4 Ampere were put on the auxiliary coil, which is correspond to about 2% of the main power supply. Initial orbits
were defined by neighbor steering magnets to create local
bump orbits, typically -8, 0, or +8 mm.
To excite a whole family of QFS, the main power supply
of QFS were changed its output current from 0 to ±2% (via
5 to 9 points). This causes variation of tune ν  ±0.36 ∼
0.4. Nine steering magnets were used to define the initial
orbits by adding +0.2mrad kick.

Analysis and Results
Results of MR An analysis procedure of BBA is as
follows. The focusing force of one of QFS magnets located at s = sA were changed by varying the current of
its auxiliary coil. As shown in Figure 1, orbit changes at
s = sn (BPM003), x2 (sn ), are plotted as a function of
ΔK (namely the current of the auxiliary coil). Here, a term
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Figure 1: Example of MR BBA. Three plots show the position changes as a function of the auxiliary coil current. The
right down graph indicates the determination of the BPM
offset.
of anA x1 (sA ) is considered as a slope (see eq.(5)). Such
measurements would be performed for three initial orbits
[i]
x1 (s) (i = 1, 2, 3). In Figure 1, they are three local bump
orbits, -8,0,8 mm at QFS001 (near BPM001). Then, pre[i]
viously obtained slope a nA x1 (sA ) is plotted versus mea[i]
sured position x1 (sA )measured at the nearest BPM of the
ΔK modified QM. Exactly speaking, the location of the
magnet sA and that of the nearest BPM is slightly different,
but it is assumed that their beam positions are the same.
The fitted line intersection with x−axis is determined as
the offset of the BPM. If the measured beam position is
that value, it does indicate no kick is given, namely where
is considered as the center of the quadrupole magnet. The
coefficient anA determined from an optics model does not
appear during the analysis procedure. Hence, this is considered as a model independent analysis.
BPM=001,x.Offset.by.BBA(using.BPMs)
Offset by BBA (mm)

families, QFS, QDS, QFT, QFP, QDT, QFR, QDR, which
consist of 6 or 9 magnets. Rest of 4 families, QFN, QDN,
QFX, QDX, are located around the arc section. For this
measurement, one of QM family (QFS) was selected and it
was compared with normal analysis and the new analysis
method. All QMs are equipped with auxiliary coil, whose
number of turns is 11 and whereas the main coil is 24 turns.

bpm=003,x(mm)
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Figure 2: BPM001 offset determination by whole BPM
around the ring. Upper shows determined offset values by
individual BPM. Lower shows statistics of all BPM results.
Beam orbit change x 2 due to ΔK can be measured anywhere around the whole ring, so above measurements can
be applied for all the BPM as shown in Fig.2. Some BPM
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Now, it is considered the case of multiple coupled QM.
As previously mentioned, QFS family magnets are controlled together. A procedure is similar to what is explained
above. Firstly, the slopes at all BPM are determined as
the QFS main current changed. Then, taking these slopes
as COD, it is determined the COD source at all modified
QFS ΔKx1 (sA ), where sA corresponds to all QFS location. The optics model is used through a nm in the module CorrectionOrbit[ ] of SAD [13]. From these COD
sources ΔKx1 , the original beam position x 1 is determined
at the QM. Then, this absolute position at the QM and measured position at the nearest BPM are compared and the
difference is defined as “the BPM offset with respect to the
QM magnetic center”.
Results of these two method are compared and shown in
Fig.3. Results of two methods are consistent within error.
RCS results The estimated BPM offsets for various
initial orbits are plotted in Figure 4 [12]. One of the BPM
offset is large (about -10mm). There is a large pipe step between that BPM and its upstream chamber, and this causes
such a large offset. This known problem is also corrected
in the framework of BBA. The lower band shows the standard deviation for each BPM and these values are around
σ ∼ 0.5mm, but some BPMs are larger.
60

σ
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Figure 3: MR BBA offset estimation of BPM attached to
QFS family magnets. Upper and lower are horizontal and
vertical, respectively. Most left data is determined by single QM sweeping and reference. Eight data sets are independent measurements for different initial orbits defined by
various steering magnets.
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Figure 4: Results of estimated offset for all 54 BPMs. Nine
different initial orbits are plotted with several colors. The
upper plot contains results for horizontal and the lower plot
is for the vertical offset. The bottom bands indicate the
estimated error for each BPM.

Analysis including higher order term The essential
difference between previous linear (ΔK) term analysis and
higher order (ΔK) terms is embedded in an inverse matrix
(I + ΔKA)−1 of eq.(21). Otherwise, eq.(21) and eq.(8)
are the same. If (ΔK) is small, of course, it becomes close
to the unit matrix. However, it is not practical to obtain analytical expansion of the matrix. Then, this inverse matrix
is calculated numerically for each ΔK. It is turned out that
sometimes none diagonal term would be as large as 20% or
more for ΔK/K = −4%. It has to be taking into account
absolutely.
For example, QFL family has 6 unknown x 1 (si ) (i =
1, ..., 6). Using measured orbit difference at all 54 BPM
x2 (sj ) (j = 1, ..., 54) for every ΔK and above inverse matrix, six unknown were obtained. Again these beam position at QFL magnets were compared with neighbor BPM
and those offsets were determined.
Figure 5 is as same as Figure 4, but it is taking into account the higher order (ΔK) terms contributions. Its unBeam Dynamics in High-Intensity Circular Machines
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going to apply these new results for the RCS COD correction after 2010 summer shut down.
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SUMMARY
We presented an analysis of the BPM Beam-BasedAlignment at the J-PARC RCS and MR. It shows that new
BBA method under multi-coupled quadrupole magnets and
the normal ordinary method are consistent within error. For
the RCS, the higher order term contribution were taking
into account and it improves the offset estimation. We are
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