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Abstract

Quadrupolar pick-ups (PU) have attracted particlular in-
terest as candidates for non-intercepting beam size and emit-
tance measurements. However, their application has been
proven to be limited. Two fundamental factors make beam
size measurements with quadrupolar PUs exceptionally chal-
lenging: first, the low quadrupolar sensitivity of PUs and
second, the parasitic position signal incorporated into the
measured quadrupolar quantity. In this paper, the basic con-
cepts of the quadrupolar measurements are reviewed with a
special focus on the challenging nature of the measurements.
Additionally, the potential use of existing beam position mon-
itor (BPM) technology is studied. Recent tests performed
with BPMs in the Large Hadron Collider (LHC) are dis-
cussed. Preliminary measurements demonstrate promising
results.

INTRODUCTION

Quadrupolar moment measurement based on electromag-
netic pick-ups (PU), like beam position monitors (BPM),
have been widely studied as non-intercepting diagnostics
to determine the transverse beam size and emittance [1-7].
They are based on the extraction of the second-order mo-
ment of the PU signals which contains information about the
beam size. In particular, the beam size signal is incorporated
into the quantity o> — 0%, where o and o, are the r.m.s.
beam dimensions in the transverse plane. Using at least two
PUs at locations with different lattice parameters, the r.m.s.
beam size and emittance can be evaluated by solving a linear
system of equations [1, 8].

Despite the simplicity of the concept, quadrupolar mea-
surements are very challenging in reality. Two fundamental
factors make beam size measurements with quadrupolar PUs
a difficult task. The first factor is related to the fact that the
quadrupolar moment constitutes only a very small part of
the total PU signal which is dominated by the monopole (in-
tensity) signal. As a consequence, the quadrupolar moment
can be easily lost due to imperfections in the measurement
system such as asymmetries and electronic noise. The sec-
ond factor concerns the parasitic signal from beam position
incorporated into the quadrupolar moment together with the
desirable beam size information as o2 — 0'y2 +x2 - y2,
where (x,y) is the beam centroid. As a consequence, the
quadrupolar measurement may be dominated by the beam
position signal if the beam is significantly displaced.

In this work, we study the potential use of existing BPM
technologies for quadrupolar measurements. To this end, a
detailed review of the above mentioned limitation factors
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is first given in order to understand the challenges of the
quadrupolar measurements. Several tests have been per-
formed using some BPMs in the Large Hadron Collider
(LHC). In order to efficiently cancel the parasitic effect of
the beam position, an alignment technique based on mov-
able PUs has been applied. Both absolute and differential
measurements are discussed in terms of their performance
and limitations. Preliminary measurements demonstrate the
potentiality to use existing BPM technology as a basis for
future quadrupolar measurement system.

MEASUREMENT APPROACH

In order to understand the principle of quadrupolar mea-
surements, one can start by studying the 2D case of an elec-
trostatic Pick-Up (PU) in a circular beam pipe, as illustrated
in Fig.1. Assuming a relativistic beam, sufficiently longer
than the PU buttons, the signal induced on the electrodes
can be analytically approximated by the following multipole
expansion, [2,9],
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where ij, is the beam intensity, ¢; are coefficients depending
on the PU geometry and D, y, Q, and M; >3 1/, are quantities
which contain information about the beam position and size.
In particular, the dipole terms, D,y are directly connected
to the beam position, i.e. Dy = x and Dy, = y. On the
other hand, the second-order quadrupolar term, Q, contains
information about both beam position and size and it is given
by the following equation:

2

Higher order terms can be neglected since they contribute
much less to the total signal. The coefficients c; are given as
a function of the PU aperture radius, p, and the angular size
of the buttons, a, according to the following equations [9]:

_ 2 2.2 _ 2
Q=0 -0y +x" -y~

a
=5 (3a)
o = lZsm(a/Z) (3b)
Iel T
1 sin(a
L (3¢)
p*
1 2sin(3a/2
(y o L2000/ )
Yo 3n
THA1WE03

399

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



61t ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

5 ISBN: 978-3-95450-202-8

Vv,

Figure 1: Crossection of a circular button Pick-Up (PU). The
PU aperture is equal to d = 2p and each electrode has an
angular width a. An infinitely long beam at position (x, y)
with respect to the pipe centre is considered.

Looking at Egs. (1), the monopole and dipole terms can
be cancelled by subtracting the sum of the signals on each
Plane: Zhor — Zyer = (Uhl + UhZ) - (le + Uv2)- Then,
using the following normalized quantity,

_Un+Up—-U, —Upn

= , “4)
7 Upy + Upa + Uy + Uy
one can get the quadrupole term as
0 =qrRy. &)

where g5 = co/ca.

- The previous analysis is not restricted only to the simplis-
% tic example of a 2D circular PU but can be extended to any
& family of capacitive PUs with different aperture shapes [10].
© What changes in every case is the form of the coefficients c;
§ which is a unique property of the PU geometry.

CHALLENGES

Despite the simplicity of the concept, quadrupolar mea-
surements have been shown to be challenging in reality.
There are, fundamentally, two limitation factors that make
beam size measurements via quadrupolar PUs a difficult
task: first, the low quadrupolar sensitivity, ¢, /co, and sec-
ond, the parasitic position signal, x> — y2, incorporated into
the quadrupolar term Q. Both factors may result in critical
errors, as discussed in the following.

). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

Low Quadrupolar Sensitivity

Considering the example of a 2D circular PU one can see
from Eqgs. (3) that each multipole moment M; is inversely
proportional to the factor p', i.e. M; o 1/p’. As a con-
sequence, the contribution of the multipole terms to the
electrode signals drops exponentially as the order i increases
with a rate equal to 1/p. In particular, the contribution of the
quadrupolar moment to the total signal can be approximated

as M-
22220« (o/p) ©6)
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where o represents an effective beam size which, for simplic-
ity, can be approach by the dominant beam size component,
e.g. oy for a horizontally flat beam. Under the assumption
of relativistic beams, Eq. (6) is valid for a wide range of
different PU designs, [10], and gives a qualitative rule of
thump regarding the quadrupolar sensitivity.

In realistic cases, the factor (o-/p)? is significantly small
due to the fact that PUs are normally designed with an aper-
ture much larger than the nominal beam size in order to avoid
particle losses. Therefore, the quadrupolar moment consti-
tutes only a small part of the total PU electrode signal which
is dominated by the monopole moment. As an example, the
quadrupolar sensitivity of the LHC BPMs spans within the
range 0.02 — 0.04 dB/mm? for PUs at locations where the
beam size is expected to be in the order of ~ 1 mm at injec-
tion energy, i.e. at 450 GeV. It becomes, then, clear that the
quadrupolar signal may be easily lost due to imperfections
in the data acquisition process, like asymmetries or noise.
As Fig. 2 demonstrates, even a slight cabling asymmetry
between the PU channels in the order of few per milles leads
to significant errors ~ 20%.
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Figure 2: Relative error in quadrupolar measurement as-
suming a quadrupolar term Q = lmm? and a slightly ca-
bling asymmetry between the PU channels. In particular,
three channels (e.g. A, vi and hy) are considered to have a
nominal cabling response g, i.e. Vou = gVin, while the
4'h (e.g. hy) has a relative cabling discrepancy d, i.e.
Vout = (1 + dre1)gVin.

Parasitic Position Signal

Particle beams rarely traverse the center of a PU, adding
parasitic position information to the quadrupolar moment.
This parasitic signal, 0, = x% — y2, may remarkably deform
the desired beam size information Q,, = % — 0%, even for
small beam displacements, as shown in Fig. 3. To overcome
this effect, the parasitic part, O, can be subtracted from
the total quadrupolar quantity Q by manipulating the PU
as a normal BPM. In particular, by measuring the beam
position, (x;,, ym), the beam size part, O, can be evaluated
asQo.m=0- xmz + ym2~
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Figure 3: Parasitic position signal, Q,, for different beam
displacements.

Although the above correction improves the measurement
of O, a significant part of Q,, may remain under realistic
conditions. Figure 4 depicts the expected error in O, when
some imperfections on the BPM system are considered. As
can been seen, even for small errors in the position mea-
surements, the error in 0, may be remarkably large for big
beam displacements.
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Figure 4: Relative error in O, (beam size part), after the
subtraction of Q,, (parasitic part) via position measurements.
An offset o and a scaling factor a has been considered, i.e.
Xm = X + o0+ ax. Only beam displacement in the horizontal
plane has been taken into account.

MEASUREMENTS WITH EXISTING BPM
TECHNOLOGY

BPMs constitute one of the most critical instrumentation
system in particle accelerators. Their technology has been
continuously advancing due to the need for precise position
measurements for several kinds of beam configurations. Al-
though BPMs design is optimized for position measurements
the existing BPM technology can be potentially used as a
basis for quadrupolar measurements.
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In the context of LHC beam position measurement sys-
tem several PUs are equipped with DOROS electronics, a
diode-based acquisition system proved to provide stable and
high resolution position measurements at some of the most
critical LHC locations [11, 12]. Although these PUs are
intended to work as BPMs, their signals are processed sep-
arately allowing us to perform quadrupolar measurements.
Following, we present some tests we have performed using
some of the existing LHC BPMs including collimator and
circular button PUs.

Beam Centering via Movable PUs

As discussed in the previous Section, off-centered beams
may result in crucial errors in quadrupolar measurements.
Even if a direct subtraction via position measurements is
applied, a significant part of the parasitic signal may re-
main under realistic conditions. To overcome this problem,
the position signal can be efficiently cancelled by centering
the beam via movable PUs, as demonstrated in a previous
work [13]. In order to form 4-electrodes movable PUs we
have used sets of horizontal and vertical collimators, as il-
lustrated in Fig. 5. Profiting from the moving functionalities
of collimators in both axes, these PUs can be aligned with
the beam in order to remove the parasitic position part Q,,
from the quadrupolar signal Q.

Downstream BPM
Upstream BPM

Figure 5: Schematic drawing of a Horizontal - Vertical colli-

mator set in LHC with embedded BPMs. Two sets of BPMs

are installed in each collimator forming in total four different

combinations of 4-electrode PUs

The beam centering is perfromed within a two-step pro-
cedure. First, the PU is centred along the main axis (e.g. the
Hor. axis for a Hor. collimator) using BPM position readings.
However, this is not possible for the secondary axis (e.g. the
Ver. axis for a Hor. collimator) since there are no electrodes
to directly read the beam position. In this case, the center is
detected through quadrupolar measurements by performing
position scans along the secondary axis. In particular, as
the PU moves away from the beam the quadrupolar moment
changes quadratically according to Eq. (2). Therefore, the
beam displacement is measured by detecting the extrema
of the quadrupolar moment measurement, as shown in the
xample of Fig. 6.

To get a deeper insight on our measurements, Fig. 7
illustrates the absolute change on the quadrupolar term,
AQ = Q — Qyp, as the PUs move away from the measured
beam location yg. Very good agreement between the mea-
surements and the expected change due to the beam dis-
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Figure 6: Normalized quantity R, (see Eq. (4)) as measured
during a vertical scan of a horizontal collimator. The colli-
mator aperture is 33.2mm. The vertical displacement is mea-
sured by using a Linear Variable Differential Transformer
(LVDT) system [11]
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Figure 7: Change of the quadrupolar term, AQ, as mea-
sured during the vertical scan of the example of Fig. 6. The
aperture of both horizontal and vertical PUs is 33.2mm. Co-
efficient gy (see Eq. (5)) has been numerically derived via
3D electromagnetic simulations.

placement is shown for all the different PU combinations
demonstrating a first valdation of our quadrupolar measure-
2 ments.

Absolute and Differential Measurements

Looking carefully at the results obtained through the beam
alignnemt process, we can extract some important informa-
tion about the quality of the quadrupolar measurements. As
observed in Fig. 6, the locations of the extrema during the
vertical scan differ not only in the horizontal axis (informa-
tion about the beam center) but also in the vertical one. In
fact, the difference on the normalized quantity R, can be di-
« rectly translated into a difference in the absolute quadrupolar
= measurement since Q = gy R,,. For the particular example
£ of Fig. 6, this difference is Qau — Quu ~ 2.5mm?* which
= is significantly large contrary to the fact that the two BPM
= sets are placed one close to each other. On the other hand,
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differential measurements present a very good trend since
all the BPM sets follow the expected behaviour as shown in
Fig. 7.

To better understand the behaviour of the quadrupolar
measurements we have performend some emittance scans,
forced by the LHC transverse damper (ADT) system [14].
To ensure that the influence of the parasitic position signal
is negligible we had first applied the beam centering proce-
dure as previously described. Figure 8 illustrates results as
obtained using a full set of four Hor.-Ver. collimator BPMs
during a horizontal emittance blow-up. Looking at the ab-
solute quadrupolar measurements (left side) we can clearly
observe discrepancies between the four BPM sets. However,
despite the large offsets, the measurements demonstrate a
stable behaviour of the system. Taking out the offsets (right
side) a nice agreement between all the different BPM sets is
observed during the blow-up. As expected, the quadrupolar
quantity increases in consistency with the emittance blow-up
in the horizontal plane (a decrease would be expected in the
case of a vertical blow-up).
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Figure 8: Quadrupolar measurements during an emit-
tance blow-up forced by the LHC Transverse Damper sys-
tem(ADT). A Hor.-Ver collimator BPM setup has been used.
Left: Absolute mesurements. Right: Differential measure-
ments (extracting all the offsets at the beginning of the blow-

up).

Taking profit of the good differential measurements, we
have also performed quadrupolar measurements during the
LHC energy ramp. For these measurements, collimator
BPMs are not suitable since the beam presents significant
displacements during the ramp. Instead, we have preferred
some circular button BPMs, fixed to the beam pipe, at lo-
cations with small beam position change during the ramp.
Figure 9 illustrates the quadrupolar evolution as measured
by the selected BPMs. The evolution is in consistency with
the behaviour expected by the optics model and accord-
ing to the lattice parameters given in Table 1. In partic-
ular, the quadrupolar signal increase when Sx < Sy since
0 ~ 0% - 0,2 < 0 and because the beam size shrinks
during the ramp. In contrast, the opposite behaviour is ex-
pected when Sx > By. To validate even more the BPM
measurements comparative values as obtained using Wire
Scanners measurements are depicted. As can be seen, the
BPM measurements are in very good agreement with the
Wire Scanners ones during most of the ramp evolution time.
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Figure 9: Differential quadrupolar measurement during an
LHC energy ramp from 450 GeV to 6.5TeV. Three circu-
lar button BPMs have been used. Results corresponding
to the optics model (assuming nominal emittance) and to
measurements from Wire Scanners are depicted as well.

Table 1: Lattice Parameters (8, 8y) [m] at Start and End of
LHC Ramp

450 GeV 6.5 TeV

BPMR.7L1.B1 (48, 141) (41, 143)

BPM.7L1.B2 (168, 56) (140, 36)

BPMRA.7R1.B2 ( 62, 187) ( 53, 138)
CONCLUSION

This paper reviewed the challenges of beam size mea-
surements via quadrupolar PUs in connection with some
recent beam measurements using existing BPM technology.
Two limitation factors make beam size measurements with
quadrupolar PUs a difficult task: first, the low quadrupolar
sensitivity and second, the parasitic effect of beam position.
To examine the possible use of existing BPM technology
for quadrupolar measurements several tests have been per-
formed in LHC. The parasitic position signal has been effi-
ciently removed by using collimators with embedded BPMs
which allow beam centering at the PU locations. Through
several tests, it was demonstrated that differential measure-
ments provide promising results and can be potentially used
to measure the emittance evolution during the energy ramp.
On the other hand, absolute measurements are dominated
by large and systematic offsets. These can potentially come
from small asymmetries between the four PU electrodes.
To this end, new calibration schemes, able to take into the
challenging nature of the quadrupolar measurements, are
currently being ventured.

ACKNOWLEDGEMENTS

The authors would like to thank the LHC collimation team
and especially G. Valentino, A. Mereghetti and S. Redaelli
for their kind support during the beam measurements with
collimator BPMs. We would like also to thank J. Olexa
for his invaluable help in the commissioning of DOROS
electronics.

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-THAIWE®3

REFERENCES

[1] R.H. Miller, J.E. Clendenin, M.B. James, and J.C. Sheppard,
“New methods of measuring emittance using beam position
monitors”, in Proc. 12th Int. Conf. on High Energy Accelera-
tors (HEAC’83), Fermilab, IL, USA, 1983, pp. 603—605.

[2] S.J. Russell and B.E. Caristen, “Measuring Emittance Using
Beam Position Monitors”, in Proc. 1993 Particle Accelerator
Conf. (PAC’93), Washington, DC, USA, 1993, pp. 2537—

2539.

[3] T. Suwada, “Multipole Analysis of Electromagnetic Field
Generated by Single-Bunch Electron Beams”, Jpn. J. Appl.

Phys., vol. 40, pp. 890-897, Jan. 2001.
(4]

A. Jansson, “Noninvasive single-bunch matching and emit-
tance monitor”, Phys. Rev. ST Accel. Beams, vol. 5, no. 7, p.

072803, 2002.

P.Li, B.G. Sun, Q. Luo, X.H. Wang, H.L. Xu and P. Lu, “New
methods of measuring emittance using beam position moni-
tors,”, in 2007 IEEE Nuclear Science Symposium (NSS’07)
Conf. Record , Honolulu, Hawaii, USA, 2007, pp. 1675-1678.

K. Yanagida, S. Suzuki, and H. Hanaki, “Design study of
beam position monitors for measuring second-order moments
of charged particle beams”, Phys. Rev. ST Accel. Beams, vol.
15, no. 1, p. 012801, Jan. 2012.

(6]

[7]1 Z-J. Wang et al., “Noninterceptive transverse emittance mea-
surements using BPM for Chinese ADS R&D project”, Nucl.

Inst. Meth. Phys. Res., Sect. A, vol. 816, pp. 171-175, 2016.
[8]

A. Jansson, ‘“Non-Invasive Measurement of Emittance and
Optical Parameters for High-Brightness Hadron Beams in a
Synchrotron”, Ph.D. thesis, Phys. Dept., Stockholm Univer-
sity, Sweden, and CERN, Geneva, Switzerland, Rep. CERN-

PS-2001-014-OP, CERN-THESIS-2001-03, 2001.

J.A.T. Kamga, W.F.O Miiller, and T. Weiland, “Analytical
and numerical calculation of the second-order moment of the
beam using a capacitive pickup”, Phys. Rev. Accel. Beams,
vol. 19, no. 4, p. 042801, Apr. 2016.

(9]

[10] S.S. Kurennoy, “Nonlinearities and effects of transverse beam
size in beam position monitors”, Phys. Rev. ST Accel. Beams,

vol. 4, no. 9, p. 092801, 2001.

G. Valentino et al., “Final implementation, commissioning,
and performance of embedded collimator beam position mon-
itors in the Large Hadron Collider”, Phys. Rev. Accel. Beams,
vol. 20, no. 8, p. 081002, Aug. 2017.

M. Gasior, G. Baud, J. Olexa, G. Valentino, “First Opera-
tional Experience with the LHC Diode ORbit and OScillation
(DOROS) System,”, in Proc. 5th Int. Beam Instrumentation
Conf. (IBIC’16), Barcelona, Spain, 2016, paper MOPGO07.

(1]

(12]

[13] A. Sounas et al., “Beam Size Measurements Based on Mov-
able Quadrupolar Pick-ups,”, in Proc. 9th Int. Particle Accel-
erator Conf. (IPAC’18), Vancouver, BC, Canada, 2018, paper

WEPAF080.

[14] E. Gorbatchev et al., “Transverse damping systems for the

future CERN LHC”, in Proc. 2001 Particle Accelerator Conf.
(PAC’01), Chicago, IL, USA, 2001, vol. 2, pp. 1237-1239.

THATIWEO03
403

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



