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Examples of Beam Diagnostic Techniques
• Trajectories and Orbit Distortions
• Tune Measurements
• Amplitude Function Measurements

‣ Ex’s:  tune shift method; AC dipole method
• Chromaticity Measurements
• Dispersion Measurements
• Emittance Measurements

‣ emittance vs. momentum spread; tomography 
• Coupling Measurements
• Phase Space Measurements

‣ turn-by-turn, at 2 BPMs
• Nonlinear Tune-shift, Dynamic Aperture, & Diffusion
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Beam Current Instruments
• Faraday cup

• Current Transformer

2

Source: Koziol, Beam Diagnostics for Accelerators, CERN 1998
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Wall Current Monitor

Source: Denard, J.C. CERN Accelerator School on Beam Diagnostics, 2008

▪ Image charges 
• Moving beams make images on the 

wall of the pipe. 
• Length of image depends on β 
• Image current goes as beam current 

▪Wall Current Monitor 
• Replace pipe with R 
• Measure I across R 
• Box needed to keep pipe grounded 
• Use ferrite to force I across R

Source: Raich U, reprinted by Blokland, W. in Beam Current Monitors, USPAS 2009
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Beam Loss Monitor Types

• Ionization Chambers

‣ Filled with inert gas
‣ Potential Difference
‣ Radiation ionizes gas, 

generates current
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Source: FNAL

Source: Knoll, Glenn F (1999). Radiation detection and measurement (3rd ed.).
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Beam Loss Monitor Types
• Scintillation Detector

‣ Radiation strikes scintillator, 
generates photon

‣ Detected by photomultiplier tube

• Cerenkov Detector
‣ Uses Cerenkov effect
‣ Instantaneous
‣ Threshold = background filter
‣ Lower sensitivity than scintillator
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Source: Zhokov, A. Beam Loss Monitors, USPAS 2009

Source: W. Berg, LCLS BLM, TUP043 LINAC08 



Winter	Session	2018						MJS USPAS	Fundamentals
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Figure 1.6: Schematic cross-section of a BPM in the Tevatron. The beam’s
image charges are detected by the two conducting plates. The horizontal
position of the beam centroid x, measured from the center of the BPM, is
determined from the signals on the two plates, L and R, and geometry of the
BPM, b and φ.
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Orbit / Position Measurement
• Beam Position Monitor (various styles)

• Single pass — determine trajectory of centroid
• Some average over many passes
‣ e.g., to determine the closed orbit
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BPM Design Choices
• Button pick-ups

• Cavity

• Stripline
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Source: Lorenz, R. Cavity Beam 
Position Monitors, BIW98

Source: Byrd, J. 2009
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Data Taking
• Take position data

• Make a change (kicker 
magnet, steering magnet, 
etc.)

• Re-take data

• Subtract and plot the 
difference

8

113 

10 

Figure 5.1: First-turn data taken with the sextuples turned off, (a) 
without, (b) with a steering error of 4 kV, and (c) their 
difference. 

the	induced	betatron	oscillation
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Tune Measurements
• measure betatron tune using single BPM signal
‣ use kicker magnet to induce betatron oscillation
‣ from FFT analysis, determine the frequency

• tune does not depend upon position
‣ prove !
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Figure 3.4: (a) and (c) are the output of two neighboring BPMs for 
1024 turns. The Fourier transforms are shown in (b) and 
(d); the fractional part of the tune is .34. 

																												Data:	

Frequency	Spectrum:
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Amplitude Function Measurements
• Tune shift measurement

• orbit/trajectory response
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AC Dipole Measurements
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Parametrization of the driven betatron oscillation
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An AC dipole is a magnet which produces a sinusoidally oscillating dipole field and excites coherent

transverse beam oscillations in a synchrotron. By observing this driven coherent oscillation, the linear

optical parameters can be directly measured at locations of the beam position monitors. The driven

oscillations induced by an AC dipole will generate a phase space ellipse which differs from that of free

oscillations. If not properly accounted for, this difference can lead to misinterpretations of the actual

optical parameters, for instance, 6% or more in the cases of the Tevatron, RHIC, or LHC. This paper

shows that the effect of an AC dipole on the observed linear optics is identical to that of a thin lens

quadrupole. By introducing a new amplitude function to describe this new phase space ellipse, the motion

produced by an AC dipole becomes easier to interpret. The introduction of this new amplitude function

also helps measurements of the normal Courant-Snyder parameters based on beam position data taken

under the influence of an AC dipole. This new parametrization of driven oscillations is presented and is

used to interpret data taken in the FNAL Tevatron using an AC dipole.

DOI: 10.1103/PhysRevSTAB.11.084002 PACS numbers: 41.85.!p, 29.27.!a

I. INTRODUCTION

In a modern accelerator, transverse motion of charged
particles is stabilized with linear forces of quadrupole
magnets and, as a result, the particles undergo oscillations
around the ideal trajectory, called betatron oscillations [1].
If observed at one location in an accelerator, the oscilla-
tions are discrete. The betatron tune [2] is the frequency of
such discrete oscillations in units of the revolution fre-
quency. The amplitude of the betatron oscillations at a
location in an accelerator is determined by a parameter
called ! function. The relative phase difference of the
betatron oscillations between two locations in an accelera-
tor is called betatron phase advance. If quadrupole magnets
in an accelerator have (gradient) errors, the ! function and
betatron phase advance become different from their design
values and performance of the accelerator can be degraded.
One purpose of an AC dipole is to measure the ! function
and betatron phase advance and to find such errors.
Individual particles within the beam oscillate incoherently
and we can only observe motion of the beam centroid with
a beam position monitor (BPM). Hence, to observe the
betatron oscillations and measure parameters such as the !
function or the betatron phase advance, coherent oscilla-
tions must be excited (Fig. 1). An AC dipole is a tool to
excite coherent oscillations of the beam [3], much like a
kicker/pinger magnet, but over a longer time period.

An AC dipole excites coherent transverse oscillations
with a sinusoidally oscillating dipole field. It drives the
beam close to the betatron frequency, typically, for several
thousands of revolutions. If the amplitude of its oscillating
magnetic field is adiabatically ramped up and down, it can

produce large coherent oscillations without decoherence or
emittance growth [3]. This property makes it a useful
diagnostic tool of a synchrotron. AC dipoles have been
employed in the BNL AGS and RHIC [3– 5], CERN SPS
[6,7], and FNAL Tevatron [8– 10]. There is an ongoing
project to develop AC dipoles for LHC as well [11].
When the beam is driven by an AC dipole, its motion is

governed by two driving terms and the influence of the

AC dipole

CDF

D0

FIG. 1. Schematic of incoherent free oscillations (gray) and
excited coherent oscillations (black) of charged particles in the
Tevatron. Because individual particles within the beam oscillate
incoherently, coherent oscillations must be excited to observe the
betatron oscillations and measure parameters such as the !
function. An AC dipole is one of such tools to excite coherent
oscillations of the beam.
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lesser driving termmakes driven oscillations different from
the free oscillations. Although this difference has typically
been ignored in previous analyses [5,12], it could affect
interpretation of the ! function more than 12% in a typical
operational condition of the Tevatron.

This paper proceeds as follows. Section II discusses the
two driving terms produced by an AC dipole and presents a
new formulation of driven oscillations which is suited to
simultaneously treat the two driving terms. Section III
discusses the difference between free and driven oscilla-
tions and the influence of this difference on measurements
of the ! function, based on an analogy between the driven
motion and motion under the influence of a thin gradient
error [13]. Section IV presents a few examples of the
difference between free and driven oscillations observed
in the Tevatron and explains how to measure the! function
by appropriate analyses of data of driven oscillations.

II. A MODEL OF DRIVEN OSCILLATIONS

A. Two driving terms of an oscillating dipole field

The tune of an AC dipole "acd is defined as the ratio
between the frequencies of the AC dipole facd and the
beam revolution frev: "acd ! facd=frev. In the following,
for any tunes, only their fractional parts are considered. For
instance, if facd=frev is larger than one, "acd means the
fractional part of facd=frev. Because the beam sees an AC
dipole only once in a revolution, the beam is driven by a
pair of driving terms with driving tunes "acd and 1" "acd

(cf. Nyquist sampling theorem) [14]. Obviously, the driv-
ing term closer to the machine tune " has a bigger influence
on a particle. Hence, in the following, the driving term
closer to " is called the primary and the other is called the
secondary. A symbol "d is used for the primary driving
tune (Fig. 2):

"d!
!
"acd when j"acd " "j< jð1" "acdÞ " "j
1" "acd when jð1" "acdÞ " "j< j"acd " "j:

(1)

For example, the frequencies of the AC dipole and beam
revolution in the Tevatron are facd ’ 20:5 kHz and frev ’
47:7 kHz and, hence, the tune of the AC dipole is "acd ¼
20:5=47:7 ’ 0:43. Because the machine tune of the
Tevatron is " ’ 0:58, 1" "acd ’ 0:57 is the primary driv-
ing tune and "acd ’ 0:43 is secondary. We note that ma-
chine tunes near 0.5 tend to exaggerate the influence of the
secondary driving term.

The difference between the primary driving tune and the
machine tune, #d! "d" ", is an important parameter of
driven oscillations. As #d! 0, the influence of the pri-
mary driving term becomes dominant and the secondary
driving term can be ignored. However, a finite tune spread
of the beam can cause beam losses if j#dj is too small
(Fig. 2). In the Tevatron, without a special tune-up, the
limit of j#dj is about 0.005–0.015 to prevent beam losses.

It is often convenient to express the longitudinal position
s within a circular accelerator using the revolution number
n, the circumference C, and a parameter !s in the range
between 0 and C: s ¼ nCþ!s. Here, the reference point
of the longitudinal position s is the location of the AC
dipole and the revolution number n increases by one when
the beam passes the AC dipole. The transverse position of
the beam at s, xðsÞ, can be also written as xðnCþ !sÞ.
Because of its periodic nature, the ! function of free
oscillations satisfies !ðsÞ ¼ !ðnCþ !sÞ ¼ !ð!sÞ. The
phase advance of free oscillations from s ¼ 0 to the ob-
servation point,  ðsÞ, satisfies  ðsÞ ¼  ðnCþ!sÞ ¼
2$"nþ  ð!sÞ. As shown in [12,15], when the amplitude
of the AC dipole field is constant, the transverse position of
the driven beam at the longitudinal position s ¼ nCþ !s
is given by [16]

xdðnCþ !sÞ ’ %acd
ffiffiffiffiffiffiffiffiffi
!acd

p

4 sin½$ð"acd " "Þ(
ffiffiffiffiffiffiffiffiffiffiffiffiffi
!ð!sÞ

q

) cos½2$"acdnþ  ð!sÞ þ $ð"acd " "Þ

þ &acd( þ
%acd

ffiffiffiffiffiffiffiffiffi
!acd

p

4 sin½$ð1" "acd " "Þ(

)
ffiffiffiffiffiffiffiffiffiffiffiffiffi
!ð!sÞ

q
cos½2$ð1" "acdÞnþ  ð!sÞ

þ $ð1" "acd " "Þ " &acd(; (2)

where %acd is the maximum kick angle of the AC dipole,
!acd is the ! function at the location of the AC dipole, and
&acd is the initial phase of the AC dipole field. The reason
we express the longitudinal position as nCþ !s is because
the arguments of the cosines in Eq. (2) undergo discrete
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FIG. 2. The amplitudes of the two modes driven by an AC
dipole. A circulating beam is driven by the two driving terms of
an AC dipole whose driving tunes are "d and 1" "d. Solid and
dashed curves represent the amplitudes of the two modes excited
by these two driving terms for a given machine tune. When the
machine tune is ", beam motion is dominated by the mode of "d
(solid curve). However, the mode of 1" "d (dashed curve)
cannot always be ignored since realizable #d¼ "d" " is lim-
ited by the tune spread of the beam (shaded area).
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the Tevatron. The dashed and solid curves represent the fits
of Eqs. (25) and (26) to the data. The fit parameters are
!acd½"acd"ðsÞ$1=2 and # for Eq. (25) and !acd½"acd"ðsÞ$1=2,
#, and  ðsÞ for Eq. (26). At two locations where
j cos½2 ðsÞ % 2$#$j is close to one, the asymmetries
around the machine tune (# ’ 0:5785) are large and the
fits of Eq. (25), which ignores the secondary driving term,
is not well matched. From the fit of Eq. (26), the" function
at each BPM location is determined up to a constant
!acdð"acdÞ1=2. This constant can be determined from the
analysis in the previous section which uses a pair of BPM’s
in a collision straight section. By combining these two
types of analyses, the ring-wide " function can be directly
measured from multiple data sets of driven oscillations
with different #d .

From the fits in Fig. 7, the machine tune # is determined
at each BPM location. Figure 8 shows the machine tunes
determined from the fits at all the BPM locations. The solid
curve includes the influence of the secondary driving term
and the dashed curve does not. Because the machine tune #
is a global parameter of an accelerator, the model including
the two modes works better. The residual variation of the
determined tunes in the analysis of the two modes model
can be contributed by BPM noises and other systematic
effects.

V. CONCLUSION

Under the influence of a sinusoidally oscillating mag-
netic field of an AC dipole, the beam is driven by two
driving terms. As a result, the phase space trajectory of
driven betatron oscillations is different from that of free
betatron oscillations. If this difference is simply ignored,
interpretations of the linear optical parameters based on
data of driven oscillations can have errors depending on the
driving tune and the machine tune. In this paper, we show
that this change of the phase space trajectory is formally

identical to the change induced by a gradient error at the
same location as the AC dipole. Just as a gradient error
changes the amplitude function and phase advance, the
expression of driven oscillations can be simplified by in-
troducing a new amplitude function and phase advance.
This paper presents a few examples of the difference

between free and driven oscillations as observed in the
Tevatron. It also shows that the new parametrization of
driven oscillations clarifies the interpretation of turn-by-
turn data of driven oscillations.
With this knowledge, very precise and direct measure-

ments of the true linear optical parameters in a synchrotron
can be obtained quickly without degradation of the beam
quality, using a small number of data sets obtained at
different frequencies of the AC dipole. This technique
will be especially useful in the LHC, for example, to adjust
the beam envelope at critical locations such as at beam
collimation devices.
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C. Ring-wide behavior of the amplitude function !dðsÞ
When turn-by-turn beam positions are recorded by

BPM’s for free oscillations, the relative ! function can
be determined by simply comparing the square of the
oscillation amplitudes. If the same analysis is applied to
turn-by-turn data of driven oscillations, what is calculated
is !dðsÞ instead of !ðsÞ. From the analogy between an AC
dipole and a gradient error, the normalized difference
between !dðsÞ and !ðsÞ changes sinusoidally with BPM
location:

!dðsÞ # !ðsÞ
!ðsÞ ’ #2"d cos½2 ðsÞ # 2#$%: (19)

This beating of !dðsÞ relative to !ðsÞ cannot be distin-
guished from the ! beat caused by gradient errors. When
the magnitude of the parameter %d is 0.01, the peak value
of the beating 2j"dj is about 12% for the Tevatron and 6%
for the RHIC and LHC [17]. Figure 4 shows!ðsÞ and!dðsÞ
in the case of %d ¼ #0:01 in the Tevatron.

As explained in the following section, by using multiple
data sets of driven oscillations, the influences of the pri-
mary and secondary driving terms can be separated and the
! function of free oscillations can be measured without
depending on a machine model.

IV. EFFECT ON !-FUNCTION MEASUREMENT

A. Rotation of the phase space ellipse

The previous section discussed the amplitude function
of driven oscillations !dðsÞ. Parameters corresponding to
the other Courant-Snyder parameters &ðsÞ and 'ðsÞ [1] can
be also defined for driven oscillations:

&dðsÞ ' # 1

2

d!dðsÞ
ds

(20)

'dðsÞ '
1þ &dðsÞ2

!dðsÞ
: (21)

The explicit forms of these parameters are given by

&dðsÞ ¼
1þ "2

d # 2"d cos½2 ðsÞ # 2#$%
1# "2

d

&ðsÞ

# 2"d sin½2 ðsÞ # 2#$%
1# "2

d

(22)

and

'dðsÞ ¼
1þ "2

d þ 2"d cosf2 ðsÞ # 2#$þ 2 arctan½&ðsÞ%g
1# "2

d

) 'ðsÞ: (23)

When !dðsÞ, &dðsÞ, 'dðsÞ, and Ad are defined in this way,
they satisfy the Courant-Snyder invariance:

A2
d ¼ 'dðsÞxdðsÞ2 þ 2&dðsÞxdðsÞx0dðsÞ þ !dðsÞx0dðsÞ2:

(24)

Hence, the turn-by-turn position and angle of driven oscil-
lations form an ellipse in phase space, just like free oscil-
lations. The Courant-Snyder-like parameters !dðsÞ, &dðsÞ,
and 'dðsÞ depend on %d, so the area and shape of the phase
space ellipse changes with %d for driven oscillations.
Because !dðsÞ, &dðsÞ, and 'dðsÞ converge into !ðsÞ,
&ðsÞ, and 'ðsÞ in the limit of "d ! 0, this change of the
shape is due to the secondary driving term.
In two collision straight sections of the Tevatron there

are pairs of BPM’s with no magnetic element in-between.
The beam travels along straight lines between these pairs
and, hence, both position and angle can be directly mea-
sured at these locations. Figure 5 shows the phase space
ellipses of driven oscillations measured with a pair of
BPM’s at an interaction point. In these measurements, %d
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FIG. 4. The amplitude functions of free and driven oscillations,
!ðsÞ (solid) and !dðsÞ when %d ¼ #0:01 (dashed), in the
Tevatron. As expected, !dðsÞ shows beating with 10%–15%
peak height relative to !ðsÞ. From multiple data sets of driven
oscillations, the amplitude function of free oscillations, !ðsÞ, can
be extrapolated.
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FIG. 5. Phase space ellipses of driven oscillations at an inter-
action point in the Tevatron (B0) when %d ¼ *0:02 and *0:04.
Because the Courant-Snyder-like parameters of driven oscilla-
tions !dðsÞ, &dðsÞ, and 'dðsÞ depend on %d, not only the areas
but also the shapes of the ellipses are different.
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An AC dipole is a magnet which produces a sinusoidally oscillating dipole field and excites coherent

transverse beam oscillations in a synchrotron. By observing this driven coherent oscillation, the linear

optical parameters can be directly measured at locations of the beam position monitors. The driven

oscillations induced by an AC dipole will generate a phase space ellipse which differs from that of free

oscillations. If not properly accounted for, this difference can lead to misinterpretations of the actual

optical parameters, for instance, 6% or more in the cases of the Tevatron, RHIC, or LHC. This paper

shows that the effect of an AC dipole on the observed linear optics is identical to that of a thin lens

quadrupole. By introducing a new amplitude function to describe this new phase space ellipse, the motion

produced by an AC dipole becomes easier to interpret. The introduction of this new amplitude function

also helps measurements of the normal Courant-Snyder parameters based on beam position data taken

under the influence of an AC dipole. This new parametrization of driven oscillations is presented and is

used to interpret data taken in the FNAL Tevatron using an AC dipole.
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I. INTRODUCTION

In a modern accelerator, transverse motion of charged
particles is stabilized with linear forces of quadrupole
magnets and, as a result, the particles undergo oscillations
around the ideal trajectory, called betatron oscillations [1].
If observed at one location in an accelerator, the oscilla-
tions are discrete. The betatron tune [2] is the frequency of
such discrete oscillations in units of the revolution fre-
quency. The amplitude of the betatron oscillations at a
location in an accelerator is determined by a parameter
called ! function. The relative phase difference of the
betatron oscillations between two locations in an accelera-
tor is called betatron phase advance. If quadrupole magnets
in an accelerator have (gradient) errors, the ! function and
betatron phase advance become different from their design
values and performance of the accelerator can be degraded.
One purpose of an AC dipole is to measure the ! function
and betatron phase advance and to find such errors.
Individual particles within the beam oscillate incoherently
and we can only observe motion of the beam centroid with
a beam position monitor (BPM). Hence, to observe the
betatron oscillations and measure parameters such as the !
function or the betatron phase advance, coherent oscilla-
tions must be excited (Fig. 1). An AC dipole is a tool to
excite coherent oscillations of the beam [3], much like a
kicker/pinger magnet, but over a longer time period.

An AC dipole excites coherent transverse oscillations
with a sinusoidally oscillating dipole field. It drives the
beam close to the betatron frequency, typically, for several
thousands of revolutions. If the amplitude of its oscillating
magnetic field is adiabatically ramped up and down, it can

produce large coherent oscillations without decoherence or
emittance growth [3]. This property makes it a useful
diagnostic tool of a synchrotron. AC dipoles have been
employed in the BNL AGS and RHIC [3– 5], CERN SPS
[6,7], and FNAL Tevatron [8– 10]. There is an ongoing
project to develop AC dipoles for LHC as well [11].
When the beam is driven by an AC dipole, its motion is

governed by two driving terms and the influence of the

AC dipole

CDF

D0

FIG. 1. Schematic of incoherent free oscillations (gray) and
excited coherent oscillations (black) of charged particles in the
Tevatron. Because individual particles within the beam oscillate
incoherently, coherent oscillations must be excited to observe the
betatron oscillations and measure parameters such as the !
function. An AC dipole is one of such tools to excite coherent
oscillations of the beam.

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 11, 084002 (2008)

1098-4402=08=11(8)=084002(8) 084002-1 ! 2008 The American Physical Society
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Chromaticity Measurements
• vary the momentum of the beam in a synchrotron by 

varying the RF frequency; then, kick the beam and 
measure the tune

12Figure 3: Deviation of horizontal betatron tune with different
momentum and slop is the chromaticity value.

Dispersion Function
The beam has the momentum-spread !p/p so that each

particle having difference momentum causes the orbit
distortion. The dispersion function "is the ratio between
momentum and orbit distortion !x, which written as !x
/ !p/p. The dipole components existing around the ring
make a contribution to the dispersion function and the
dipole error field included in the various magnets causes
the difference from the estimated or designed dispersion
function. The orbit distortion from the dispersion function
may cause the beam loss by hitting physical aperture.
A common method to measure this parameter is to

change the beam momentum or energy by a shift in the
RF frequency as well as the chromaticity measurement
and to measure the beam position by the BPM located
around the ring [5].
We have virtually measured the beam position by BPM

while changing !p/p from –0.3% to 0.3% within 0.1%
step by RF and the result is shown in Fig.4. The
dispersion function has been measured from the slop of
plot at each corresponding location. We have obtained the
dispersion function by 54 BPMs located around the RCS
ring and the result is shown in Fig.5. The x and y axis in
Fig.5 are respectively the longitudinal position S (in
meter) and the dispersion function (in meter) and the
measured dispersion function at each BPM position
(point) is plotted on the top of the designed dispersion
function of RCS (line).

Figure 4: Orbit distortion caused by the !p/p. Here only
for first 9 BPM are shown.

Figure 5: Dispersion function around the RCS ring.

We have made sure of the method to measure the
dispersion function at RCS.

SUMMARY AND FUTURE PROSPECTS
We have developed a virtual accelerator based on

EPICS for 3 GeV Rapid Cycling Synchrotron (RCS) in J-
PARC. The combination of the portable channel access
server (PCAS) and the accelerator simulation code with
the channel access client is called “Virtual Accelerator”.
It is shown that the VA has made it possible to virtually
operate in the same way. We have created the preliminary
Operation Interface (OPI) and have implemented the
same Input/Output devices, such as a transverse exciter,
beam position monitor and a RF system. We have made
sure of the method to measure basic parameters in the
synchrotron, such as the betatron tune, chromaticity and
the dispersion function, from the virtual measurement
without the real beam on Virtual Accelerator.
In the future, we will add individual variability of

magnets with error, other monitors such as profile
monitors and loss monitors, multipole components, the
acceleration process, tracking errors, space charge effect
and wake field into the VA using various simulation
programs. In addition, we will make a development of
OPI to operate the devices at the machine and to measure
and correct the basic parameters.
This VAs will be widely used in application

development for the RCS and will serve as a useful tool.

REFERENCES
[1] EPICS, http://www.aps.anl.gov/epics

[2] “The EPICS Based Virtual Accelerator – Concept and
Implementation”, A.Shishlo, P. Shu, J. Galambos, T.
Pelaia, Proceedings, PAC, 2003

[3] SAD, http://acc-physics.kek.jp/SAD/

[4] J-PARC, http://jkj.tokai-sc.jaea.go.jp/index-e.html

[5] “Measurement and Correction of Accelerator Optics”,
F. Zimmermann, SLAC-PUB-7844, SLAC, 1998
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Dispersion Measurements

13

Closed Orbit data;

difference of two orbits with

different momentum;

Note:

 vertical dispersion --> ~60 cm

Simple calculation of

dispersion wave generated

by Tevatron skew quad

circuits + large a1 in main

dipole magnets
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Measurement of Global Coupling

14
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Measurement of Global Coupling
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When	the	natural	frequencies	in	
the	horizontal	and	vertical	tunes	
are	far	apart,	they	behave	rather	
independently.		However,	they	
can	never	be	made	identical.		So,	
by	varying	the	quadrupoles	in	a	
ring	to	vary	the	tunes,	the	
minimum	separation	observed	is	
a	measure	of	the	amount	of	
coupling,	in	a	global	sense,	
between	the	two	planes

Adjust	horizontal	tune,	say,	and	measure	both	horizontal	
and	vertical	tunes	w/	FFT	of	BPM	data.		For	a	single	
rotated	quadrupole,	

�⌫min =
|�|
⇡

p
�x�y

F
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Coupling Measurements
• Global Coupling

• Local Coupling
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Coupled Tevatron

17

Syphers/APS Apr04 5

f The Measurement The Measurement ……

Hor BPM’s

Ver BPM’s

1-turn

Inject with horizontal oscillation and look for source of vertical oscillation…

The source is

everywhere!

The source is

everywhere!

In	early	2000’s,	Tevatron	
measurements	of	the	
minimum	tune	split	
showed	that	there	was	a	
strong	source	of	
coupling	somewhere.		
Where??		So,	went	
looking	for	the		
source(s)…
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Coupled Tevatron

18

Syphers/APS Apr04 9

f Estimate of Skew Quad FieldEstimate of Skew Quad Field
Start with uniform current density within a

cylindrical cross section; look at field from 2

such cross sections, separated by distance d, and

with equal/opposite current densities

            -->     pure dipole field,  Bc

Next, add an iron yoke of radius R and compute

magnetic images, which will be located left and

right, and which enhance the field in the center:

                     B0 ~ Bc [ 1+(c/R)2 ]

Finally, displace the center of the yoke with
respect to the center of the coil by a distance �,

and compute the resulting skew quadrupole

component,

      a1 = (dBx/dx)/B0

Result

G-11 spacers

“Smart Bolts”

Spacers compressed over 
time, and coils became 
displaced by ~ 4.2 mil 

Δ = 4.2 mil

Compressed by 
   6 mil (0.006 in.)

The	coupling	was	explained	as	a	
long-term	relaxation	of	the	coils	
within	the	Tevatron	dipole	magnets
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Emittance Measurements

• Pepper Pot Measurement 
• Allison Emittance Monitor
• Multiple profile measurements 
• Quad Scan

19

Scintillator	Screen

Source: M. Olvegard, Beam Diagnostics NPAS 2015

Source: Koziol, 1998

Source: Koziol, 1998

SEM	Grid
Wire	Scanner

Many	emittance	measurement	
techniques	are	destructive,	or,	at	
best,	disruptive
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Pepper Pot
• Use a plate with small holes
• Spots appear on MCP or screen
• Measure image with CCD
• Requires high resolution profile measurement

• Used mostly at low energy/intensity, large beams

20

Source: M. Olvegard,  
Beam Diagnostics NPAS 2015

D.	Wang,	MSU
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Allison Emittance Monitor
• Vary position of the monitor, x, and adjust voltage V 

to determine x’ at that value of x:

• Thus, map out x-x’ phase space

21

P. Allison, J. Sherman, D. Holtkamp 
IEEE Transactions on Nuclear Science, NS-30 (1983), p. 4 

x0 =
V

W

Lp

4g

R.	D’Arcy,	et	al.,		
NIM-A,	815,	7-17	(2016)
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Multiple Profile Measurements
• Measure beam profile three times near a waist:

• Known matrix:
‣ R = func(Quad Strength, distance)

• Measure:
‣  x widths at grids

• Invert matrix to get x,x’ correlations at so —> emittance

22
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Quadrupole Scan
• Instead of using three 

lengths, use three quad 
strengths!

• Still fully determined, but 
only one detector needed.

• With more than 3 
measurements, do least 
squares optimization

23

q1

q2

q3

Measure
Vary s
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Emittance Measurements
• Tomographic Techniques

24

N.J. Evans - University of Texas at Austin - 08/01/1415

Longitudinal Profiles

t

ΔE

Data

Backprojection

Errors

Reorientation

Guess

Proj.

N.J. Evans - University of Texas at Austin - 08/01/1425
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Longitudinal Tomography

25

Mapping Phase Space

N.J. Evans - University of Texas at Austin - 08/01/1427

Profiles Reconstructed

30

Curing Space Charge Effects
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N.J. Evans - University of Texas at Austin - 08/01/1436



Measuring Transverse Phase Space Motion

• Beam Position Monitors 
§ compare voltages induced on 

plates as particles pass by 
§ essentially, 

• dx ~ (R-L) / (R+L) 
• with corrections 

• Modern electronics allow 
for turn-by-turn 
measurement at many 
locations 

• Two BPM’s near each 
other can give phase 
space info

26

conducting plates

RL

b

Φ x

y

beam

Figure 1.6: Schematic cross-section of a BPM in the Tevatron. The beam’s
image charges are detected by the two conducting plates. The horizontal
position of the beam centroid x, measured from the center of the BPM, is
determined from the signals on the two plates, L and R, and geometry of the
BPM, b and φ.

15

if know M between locations 1 and 2:
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Early Tevatron Measurements

• First used a turn-by-turn BPM system for phase 
space measurements in 1985 

• Use two BPMs with known optics between them 
to determine both x and x’ at a single location

27

D.A. Edwards, et al., 
Part. Accel. Vol. 19, No. 

1-4, p.145 (1986)

D. A. EDWARDS, R.P. JOHNSON AND F. WILLEKE 

revolutions. Over the 1024 turns shown in figure 2a) the 

maximum amplitude is seen to diminish for the first 500 

turns, then return to almost the original value by the 

end of the figure. This amplitude change is understood 

as due to the combined effects of the synchrotron motion 

and the machine chromaticity. Namely, the original 

longitudinal or energy distribution modulated by the 

synchrotron motion will cause a time-varying tune spread 

due to the machine chromaticity. The part of the 

decoherence caused by the synchrotron motion will then 

oscillate with the synchrotron period which is about 

1000 times greater than the revolution period. 
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FIGURE 2 a)The beam position at one of the 
horizontal detectors on 1024 successive turns. Each 
dot is a measurement taken every 21 vs. 
b) The Fourier spectrum of fig. 2a. 

The Fourier spectrum of figure 2a is shown on 

figure 2b where the fractional tune is shown explicitly 

as .215. By varying the strength of the pinger it is 

possible to measure the amplitude dependent tunes caused 
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Figure 3. ?leasured phase space trajectory of coherent 

horizontal betatron oscillation in Tevatron. Amplitude 

is about 4 mm. Each point represents one revolution 

of beam. 
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Figure 4. Similar to Figure 3 except that the horizontal 

tune is near 19.33 and sextapoles have been energized. 

The triangle represents the calculated limit of 

stability (separatrices). 

Figure 6. Spectrum analyzer plots showing betatron 

sideband (center) and synchrotron oscillation satellites 

displaced at multiples of 38 Hz. Figure 6A shows normal 

spectrum. Figure 6B shows shift of about 10 Hz caused by 

ramping Main Ring (about 0.5 m above Tevatron). This 

corresponds to a tune shift of about 0.0062. 

Figure 5. Successive flying wire scans of beam size 

as the low beta insertion is energized at the BO 

collision hall. 
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is about 4 mm. Each point represents one revolution 

of beam. 
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Figure 6. Spectrum analyzer plots showing betatron 

sideband (center) and synchrotron oscillation satellites 

displaced at multiples of 38 Hz. Figure 6A shows normal 

spectrum. Figure 6B shows shift of about 10 Hz caused by 

ramping Main Ring (about 0.5 m above Tevatron). This 

corresponds to a tune shift of about 0.0062. 

Figure 5. Successive flying wire scans of beam size 

as the low beta insertion is energized at the BO 

collision hall. 



As Viewed in Phase Space

• Distribution is 
purposely displaced 
using a “kicker” 
magnet 

• Particles oscillate at 
different rates, 
depending upon 
their amplitude, or 
their momentum (or 
both) 

• the “center-of-mass” 
as measured by the 
BPM tends to zero

28
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Figure 4.3: A simulation of kicked particles when there is an octupole field.
Because of the amplitude dependent tune shift due to the octupole field, the
particles gradually lose the coherence (decoherence). Due to the decoherence,
the oscillations of the beam centroid damp down and the beam size increases.
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Tune Spread

• Momentum spread due to 
chromaticity 
§ “natural” effect; also driven by 

field errors in magnets ~ x2 
• Nonlinear tune spread 

§ field terms ~  x2, x3, etc. 
• Tune spread generates a 

“decoherence” of  beam 
position signal

!a" small nonlinearity
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!c" large chromaticity
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Figure 4.4: Turn-by-turn oscillations excited by a kicker magnet in the Teva-
tron under three different conditions. As expected from the simulation of Fig-
ure 4.3, the oscillations of the beam centroid damps down (decoherence). The
speed of the decoherence depends on the strength of the nonlinearity. When
the chromaticity is non-zero, the envelope also has the oscillatory structure.
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Observe the motion at 
one point in ring, 

“kick” the beam

29



Arriving at Single Particle Motion from a Beam

• Characteristics of the signal can be parameterized in 
terms of... 
§ initial kick amplitude, a 

• relative to rms size 
§ relative momentum spread 
§ tune vs. amplitude 

• coefficient;   ν ~ a2  
§ oscillation frequency of longitudinal motion 
§ ideal linear oscillation frequency 

• Can thus (a) infer single particle motion over many 
revolutions, and (b) use these signals to tune up the 
accelerator for the measurement by reducing effects of 
momentum spread (for example)
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where ⌅ is the “beam-beam parameter,” ⌅ ⇥ 3Nr0/2⇥N , where N is the number of particles per
bunch, ⇥N is the 95% normalized emittance, and r0 is the classical radius of the proton. For
⌅ ⇤ 0.01, then f ⇤ 3 m.

A gradient error of focal length f introduced where � = �0 produces a perturbation of the
amplitude function around the accelerator of amplitude

����
��

�

���� ⌅
�0/f

2| sin 2⇧⇤| =
2⇧⌅

| sin 2⇧⇤|

and at the location of the error has magnitude � (�0/f) cot(2⇧⇤)/2 = �2⇧⌅ cot(2⇧⇤). So, for ⌅ =
0.01, ��⇥/�⇥ = �12%, and the wave around the ring is of amplitude 13% (using ⇤ = 20.578).

Additionally, all else being perfect (which, of course, is not the case), the two IP’s should be
separated by a betatron phase advance of 2⇧, meaning that the two beta-waves generated at the
IP’s will tend to cancel in between the two IP’s and add outside. Thus, the amplitude function
distortion due to the beam-beam interaction would generate a degree of asymmetry across the
luminous region. Naturally, other gradient errors in the accelerator may act to mask this e⇥ect,
including the 70 other long-range beam-beam interactions along the way. The point is that the
measurement conditions are quite di⇥erent with and without the on-coming beam in the accelerator,
and so ⇤10% di⇥erences between results of the two methods of measuring �⇥ should not be too
surprising.

6.4 Nonlinear De-tuning and Chromaticity

The decoherence of the BPM signal of a kicked beam can be characterized analytically for a Gaussian
beam. The result for turn number n is[10]

x(n) = a · e�[2⌅s⇥��1
s sin(⇤�sn)]2/2 ·

⇥
1

1 + (⇤pn)2
e
� a2

2⇥2
(�pn)2

1+(�pn)2

⇤
· cos[2⇧⇤0n + �⌥(n)] (1)

where a is the amplitude of the induced betatron oscillation, ⇤0 the betatron tune, ⇤s the syn-
chrotron tune, ⌃ the transverse rms beam size, ⌃s the rms relative momentum spread, ⌅ the chro-
maticity, and ⇤p the non-linear detuning parameter. (If the tune varies with amplitude according
to ⇤ = ⇤0 �Ka2, then ⇤p = 4⇧K⌃2.) The centroid phase shift is �⌥, which develops over time as
well.

When examining the turn-by-turn data one can ascertain several of the above parameters.
For example, in the data presented here, the beam was typically kicked several units of ⌃, and the
amplitude a is essentially the maximum deviation over the first few turns. The beam decohered and
recohered at roughly the synchrotron tune due to chromaticity, so this parameter can be inferred
as well. By adjusting the product ⌅ · ⌃s one can match the depth of the decoherence due to the
synchrotron motion. Finally, the overall envelope is adjusted using ⇤p.

Figure 15 shows the first 3000 turns of data for the downstream vertical BPM at D0 during the
June 980 GeV study. The curves represent the “envelope” from Equation 1, using ⇤p = 0.00018,
a = 1.34 mm, ⌅⌃p = 0.00043, and ⇤s = 1/1370, all fit by hand as described in the preceding
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Tevatron Experiment E778 (late 1980’s)

• Aperture Criterion for the Superconducting 
Super Collider (SSC) 
§ Dedicated accelerator experiment to verify predictions 

of computer simulations of nonlinear particle beam 
dynamics

31

Simulations: Data:



Tevatron Experiment E778

• Direct measurement of particles trapped in 
resonance Islands

32

Data: Data:



Studies at Indiana University (1990’s)

• Dedicated beam physics experiments using the 
Indiana Cooler synchrotron (S.Y. Lee, et al.) 
§ similar techniques employed...
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tune placed 
near 1/3-integer

Data:



Studies at Indiana University

• Here, betatron tune placed near 1/4-integer 
§ beam position data, normalized phase space (left), 

action-angle phase space (right)
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Data:



Island Extraction -- SpS (CERN)

• More recently, a new technique for sending 
pulses of beam from the CERN SpS toward 
Gran Sasso (neutrino experiment) 

• Form “resonance islands” and extract one-by-
one toward the experiment
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FINAL RESULTS FROM THE NOVEL MULTI-TURN EXTRACTION 

STUDIES AT CERN PROTON SYNCHROTRON 

R. Cappi, S. Gilardoni, M. Giovannozzi, M. Martini, E. Métral, R. Steerenberg, CERN, Geneva, 

Switzerland 

A.-S. Müller, ISS, Forschungszentrum Karlsruhe, Germany.

Abstract 

Recently a novel approach to perform multi-turn 

extraction was proposed based on beam splitting in the 

transverse phase space by means of trapping inside stable 

islands. An experimental campaign was launched since 

the year 2002 to assess the feasibility of such an 

extraction scheme at the CERN Proton Synchrotron. 

During the year 2004 run, a high-intensity single-bunch 

beam was successfully split and the generated beamlets 

separated without any measurable losses. The latest 

experimental results are presented and discussed in details 

in this paper. These achievements represent a substantial 

step forward with respect to what achieved in previous 

years, as only a low-intensity bunch could be split without 

losses. Furthermore, this opens the possibility of using 

such a technique for routine operation with the high-

intensity proton beams required for the planned CERN 

Neutrino to Gran Sasso Project. 

INTRODUCTION 

Since the year 2001, intense efforts were dedicated to 

the study of a novel technique to perform multi-turn 

extraction from a circular particle accelerator. Such a 

technique relies on the use of nonlinear magnetic fields, 

sextupolar and octupolar, to generate stable islands in the 

horizontal transverse phase space. By means of an 

appropriate tune variation, a specific resonance is crossed, 

the fourth-order in the case under study, and the beam is 

split by trapping inside the stable islands that move from 

the origin of the phase space towards higher 

amplitudes [1-4]. 

An example of the change of the phase space topology 

during the resonance-crossing is shown in Fig. 1, which is 

obtained by using a numerical model of a FODO cell with 

a sextupole and an octupole located at the same 

longitudinal position, both represented in the single-kick 

approximation [5] (for the application under study, only 

the horizontal plane is relevant, hence, the dynamics of 

such a system is generated by a 2D polynomial one-turn 

transfer map of order three [4, 5]). 
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Figure 1: Topology of the normalised phase space during 

resonance crossing. 

The evolution of the beam distribution during the 

resonance crossing is shown in Fig. 2.  

   

Figure 2: Evolution of the beam distribution during 

resonance crossing: the initial state is represented by a bi-

Gaussian beam (left), at resonance-crossing some 

particles are trapped inside the moving islands (centre), at 

the end of the process, the particles trapped in the islands 

are moved towards higher amplitudes (right).  

When the tune is changed the islands move through the 

phase space region where the charged particles sit and 

some are trapped inside the islands. At some stage a 

complete separation between the beamlets and the central 

core occurs and the distance between the beamlets can be 

increased at will by simply acting on the tune. It is 

worthwhile stressing that the beam after trapping has a 

peculiar structure, being made by two disconnected parts, 

namely the beamlets, which are indeed one single 

structure closing-up after four machine turns (see Fig. 3), 

and the central core. 

 

Figure 3: 3D view of the beamlets along the 

circumference of the PS ring. Although this is a single 

structure four-turn long, four colours have been used to 

ease the visualisation. The fifth beamlet, corresponding to 

the central core, is not shown here. 

The idea behind this process is that such a beam 

splitting in the transverse phase space can be used to 

perform multi-turn extraction. In fact, once the various 

beamlets are separated, the whole structure can be pushed 

towards an extraction septum by means of a closed slow 

bump. Then, kicker magnets generate a fast closed bump 

and one island jumps beyond the septum blade so that the 
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appropriate tune variation, a specific resonance is crossed, 

the fourth-order in the case under study, and the beam is 

split by trapping inside the stable islands that move from 

the origin of the phase space towards higher 

amplitudes [1-4]. 
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obtained by using a numerical model of a FODO cell with 

a sextupole and an octupole located at the same 
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Figure 1: Topology of the normalised phase space during 

resonance crossing. 

The evolution of the beam distribution during the 

resonance crossing is shown in Fig. 2.  

   

Figure 2: Evolution of the beam distribution during 

resonance crossing: the initial state is represented by a bi-

Gaussian beam (left), at resonance-crossing some 

particles are trapped inside the moving islands (centre), at 

the end of the process, the particles trapped in the islands 

are moved towards higher amplitudes (right).  

When the tune is changed the islands move through the 

phase space region where the charged particles sit and 

some are trapped inside the islands. At some stage a 

complete separation between the beamlets and the central 

core occurs and the distance between the beamlets can be 

increased at will by simply acting on the tune. It is 

worthwhile stressing that the beam after trapping has a 

peculiar structure, being made by two disconnected parts, 

namely the beamlets, which are indeed one single 

structure closing-up after four machine turns (see Fig. 3), 

and the central core. 

 

Figure 3: 3D view of the beamlets along the 

circumference of the PS ring. Although this is a single 

structure four-turn long, four colours have been used to 

ease the visualisation. The fifth beamlet, corresponding to 

the central core, is not shown here. 

The idea behind this process is that such a beam 

splitting in the transverse phase space can be used to 

perform multi-turn extraction. In fact, once the various 

beamlets are separated, the whole structure can be pushed 

towards an extraction septum by means of a closed slow 

bump. Then, kicker magnets generate a fast closed bump 

and one island jumps beyond the septum blade so that the 

tails. Indeed, the left tail is due to the projection of the 

beamlet behind (see Fig. 2, right). Another important 

point is that the left-most beamlet is very well-separated 

and the region between it and the central core is 

depleted. This feature is crucial for having small or no 

losses at all at extraction, as it guarantees no interaction 

between the extraction septum blade and the beam. 
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Figure 5: Best result achieved with a high-intensity beam, 

whose intensity as a function of time (upper) and 

horizontal beam profile at the end of the capture process 

(lower) is shown. The profile is not centred at zero due to 

an instrumental offset of the wire position. 

A final test was performed to increase the fraction of 

particles trapped inside the islands. For this study, a 

special setting of the octupoles was programmed: instead 

of keeping their strength constant all over the resonance-

crossing phase, the current was suddenly increased just 

before resonance crossing and then gradually reduced. 

This should generate large islands at small amplitudes, 

thus trapping more particles from the region where the 

density is high, and then keeping almost constant the 

island’s size. The results are shown in Fig. 6, where the 

measured horizontal beam profile is shown. 

Under these new conditions it was indeed possible to 

increase the fraction of particles inside the islands, 

achieving a value of 18 % with respect to the total beam 

intensity against a previous value of about 13 %. It is 

worthwhile mentioning that for the optimal performance 

of the SPS machine, the allowed fraction of particles 

inside each beamlets is limited to (20±5) %: if this holds 

for the central core, the limit for the other beamlets is 

instead (20±1) %. However, the price to pay was the 

presence of slightly higher losses during resonance 

crossing up to the level of 2-3 % of the total beam 

intensity.  

Figure 6: Typical time-dependence of the sextupole and 

octupole strengths used in the experiment (left). The 

horizontal beam profile after splitting is shown for the 

case of the largest fraction of trapped particles (right). The 

profile is not centred at zero due to an instrumental offset 

of the wire position. 

As a final result the beam distribution as measured in 

the transfer line downstream the extraction point from the 

PS machine is shown in Fig. 7. An Optical Transition 

Radiation (OTR) [18] is used to record the two-

dimensional beam distribution in physical space.  

 

Figure 7: Two-dimensional beam distribution in physical 

space of the split beam in the transfer line downstream of 

the PS extraction point. 

The peculiar shape of the beam distribution is clearly 

visible: the two lateral peaks represent the projection in 

the physical space of the beamlets. 

The main parameters of the single-bunch beams used in 

the experimental campaign are summarised in Table 1. 

Table 1: Parameters of the three single-bunch beams used 

for the experimental tests of the novel multi-turn 

extraction. The emittance is the normalised, one sigma 

value. 

Parameter 
Intensity 

(protons/b) 

!*H/V(") 

(#m) 

$p/p(") 

10
-3

Low-intensity, 

pencil beam 
5!1011 2.3/1.3 0.25 

Low-intensity, 

large horizontal 

emittance 

5!1011 6.2/1.6 0.25 

High-intensity 

beam 
6!1012 9.4/6.4 0.60 

Special Measurements 

In addition to the measurements performed to establish 

the feasibility of the proposed method, a number of 

detailed measurements were performed to study the 

dependence of the beamlets parameters, such as fraction 

of captured particles, position, width, on the nonlinear 

parameters and, what is even more important, on the way 

evolution of phase space topography

evolution of phase space distribution

(Giovannozzi, et al., PAC05) 

beam profile
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Dynamic Aperture Measurements
• Early verification of nonlinear dynamics
• measured phase space; tune vs. amplitude
• measured dynamic aperture vs. predictions

36
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Figure 3.6: Phase space plot from experimental data for betatron 
oscillation of amplitude close to third-integer resonance 
separatrix. 
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Measurement of Tune vs Sextupole Current 
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Figure 3.9: Measurements of tune versus sextupoie current. 
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LHC Dynamic Aperture Measurements

37

H&V Resonances - LHC 3/6

25

Nominal 
Machine

E.H. Maclean, R. Tomàs, F. Schmidt, and T.H.B. Persson.03.12.2015 ABP-Forum - F.  Schmidt



Winter	Session	2018						MJS USPAS	Fundamentals

LHC Dynamic Aperture Measurements
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DA Nominal Machine - LHC 5/6
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R. Tomàs,       
F. Schmidt, and 
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LHC Dynamic Aperture Measurements
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DA Corrected Machine - LHC 6/6
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Diffusion Measurements

40

0 0.0025 0.005 0.0075 0.01 0.0125 0.015

26

28

30

32

34

36

tau

B
un

ch
 In

te
ns

ity
 (e

9)

4 MJS   September 2002

Figure 15: Plot of antiproton intensity data versus ⌧ for Collider Store 1886. Here,

t/⌧ = W/R ⇡ 5.5 hr. Two curves are present also: N(⌧) (solid) and N0 exp(�
p

⌧) (dashed)

for an initial uniform distribution out to the admittance.
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Figure 16: Plot of proton intensity data versus ⌧ for Collider Store 1971 along with the

curve N(⌧) for an initial distribution which is Gaussian out to an aperture at a = 3�0.

Here, t/⌧ = W/R ⇡ 2 hr.
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Figure 15: Plot of antiproton intensity data versus ⌧ for Collider Store 1886. Here,

t/⌧ = W/R ⇡ 5.5 hr. Two curves are present also: N(⌧) (solid) and N0 exp(�
p

⌧) (dashed)

for an initial uniform distribution out to the admittance.
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Figure 16: Plot of proton intensity data versus ⌧ for Collider Store 1971 along with the

curve N(⌧) for an initial distribution which is Gaussian out to an aperture at a = 3�0.

Here, t/⌧ = W/R ⇡ 2 hr.
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