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Abstract

Horizontal emittance measurements in the PSB are hampered by the contribution of the
momentum spread and the dispersion to the beam size. The two contributions may be difficult
to disentangle and thus horizontal emittance measurements, especially for LHC type beams
with small emittances and large momentum spreads, are prone to systematic errors. The idea
underlying the experiment reported is to shift the working point across a coupling resonance
in order to exchange the two transverse emittances. After transfer of the initially horizontal
emittance into the vertical phase space, it can be measured with higher accuracy. For a proof
of principle, the coupling resonance is crossed several times and the emittances are measured
after every crossing. As expected, the result of the measurement flips between two states,
each one corresponding to one side of the coupling diagonal. Measurements with an LHC
type beam indicate that the standard procedure overcompensates the contribution due to
the momentum spread and leads to results, which are about 25 % too low. Furthermore, the
emittance exchange was investigated more explicitely using a beam with small momentum
spread and largely different emittances in the two transverse planes.



1 Introduction

Measurements of the horizontal emittance, especially of LHC type beams with small emittances and
large momentum spreads, in the PSB are delicate due to the influence of the momentum spread via the
dispersion. This applies for both measurement devices used routinely in operation :

– 3 SE Monitors in the BTM line :
The (normalized) dispersion in this measurement line is relatively large. Thus, especially for LHC
type beams, the dispersion and the momentum spread contribute in a significant manner to the
beam size. Unless the dispersion function at the monitor locations and the momentum spread are
known with high accuracy and the beam size can be determined with high accuracy, this situation
is prone to systematic measurement errors.

– BeamScope :
Due to the synchrotron motion of the beam particles, the effect of a momentum spread on the
measured raw signal is very complicated and thus a proper correction is delicate. In addition,
anomalous and unreproducible bumps sometimes show up in the horizontal amplitude distribution
and render the results difficult to interprete.

This leads to a concern on the reliability of the horizontal emittance measurements of LHC type beams
in the PSB. The idea to circumvent this problem is to transfer the horizontal emittance into the vertical
phase space by crossing slowly a coupling resonance in presence of weak coupling and then to measure
in the vertical phase space.

In section 2, theoretical considerations are given. The conclusion is that, as far as linear optics is
involved, the transverse emittances are exchanged, if the working point is shifted slowly across a coupling
resonance in presence of (weak) coupling elements. Still non-linear resonances, which have to be crossed
and non-adiabatic effects due to fast crossing of the resonance might lead to blow-up.

The aim of the experiments described in section 3 is to show that blow-up does not harm and that the
method can be applied in practice. In subsection 3.2 LHC type beams are investigated ‘with the result
that the horizontal emittance is underestimated with the standard procedure for measurements in the
BTM line. In subsection 3.3, a study, aiming for a more direct observation of emittance exchange, using
a special beam with small momentum spread and largely different emittances, is reported.

2 Principle

When a beam in a synchrotron is moved slowly across a coupling resonance in presence of coupling
elements (skew quadrupolar fields or longitudinal magnetic fields), the emittances in the two transverse
planes are exchanged. The coupling elements do not necessarily have to provide strong fields. In the
case of the machine experiment presented here, the ”natural” coupling due to magnet imperfections was
sufficient and no additional skew quadrupoles were switched on.

The fact that, in the frame of linear accelerator optics, the transverse emittances are exchanged while
crossing slowly a coupling resonance can be anticipated from the following considerations :

– The determination of eigenvalues and eigenvectors of the 1-turn linear transfer matrix of a syn-
chrotron leads to two transverse modes. Two complex eigenvalues, which are conjugate to each
other, and two eigenvectors form one transverse mode. A tune Q is associated with each mode and
the eigenvalues are given by e±i2πQ. The motion of a particular particle can be associated with
two oscillation amplitudes and phases, one for each mode. When the normal modes change slowly
quasi-adiabatically in time (via changing magnet caracteristics) these oscillation amplitudes remain
constant.

– When the working point is far from the coupling resonance, the two sets of eigenvectors and tunes
can be associated with the motion in the two (horizontal and vertical) transverse phase spaces.
When the working point is sufficiently close to a coupling resonance and the resonance excitation
sufficiently strong, the two transverse motions are not decoupled any more and thus the eigenvectors
have components in both transverse phase spaces.

– In presence of coupling elements, the working point never reaches the coupling resonance, i.e. one
never measures two identical tunes. In fact, while crossing the resonance, the (initially) horizontal
tune goes over into the vertical tune and vice-versa, as depicted in Figure 1. This denotes that also
the horizontal eigenvectors are continuously transferred to the vertical phase space and vice-versa.
Thus (initially) horizontal oscillation is transferred into the vertical phase space and vice-versa.
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From the exchange of oscillation amplitudes, one concludes that the transverse emittances are
exchanged. One could still imagine that that the emittances must, in addition, be multiplied with a
constant factor. This can be ruled out by considering the total transfer matrix for the whole process
and exploiting that it must be symplectic.
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Figure 1: Tunes while crossing a coupling resonance. The fractional tunes are
plotted versus some parameter, e.g. the time. To fix ideas, in the example de-
pictet, the horizontal tune increases and the vertical one decreases. The dashed
curves denote the horizontal and vertical tunes of the machine without cou-
pling, and the solid ones the tunes of the lattice with coupling. Note that close
to the crossing the tunes and modes cannot be associated any more with the
horizontal and vertical phase spaces. Following the line for q1 (q2), one notes
that the horizontal (vertical) tune goes over into the vertical (horizontal) one.

Above considerations apply only for linear optics and ”quasi-adiabatic” crossing of the coupling reso-
nance. When shifting the working point over the coupling resonance, also other non-linear resonances are
crossed and could lead to blow-up. Furthermore, the crossing must not be too fast in order to avoid trans-
fer of oscillation amplitude from one oscillation mode to the other due to non-adiabaticity. This is the
reason, why, for a proof of principle, several crossings of the coupling resonance have been programmed.

Since the prediction of the effect, several experimental observations have been reported. Recently, emit-
tance transfer between the two transverse planes has been observed in the PS and there are plans to
exploit to effect satisfy better the needs of its clients [1]. Furthermore, previous observations at the ISR
[2] and the AA [3] have been reported.

3 Measurements

3.1 Programmation of the cycle

For the measurements, a long flat-top has been necessary to program the successive crossings of the
coupling resonance QH − QV = −1. The resulting cycle, based on an LHC type beam with a flat-top
length increased by 100 ms, is shown in Figure 2a. The programmation of the working point versus time
is shown in Figure 2b. During acceleration up to the beginning of the flat-top, the working line is not
modified. Then on the lengthened flat-top the working point is moved forth and back across the coupling
resonance. Each crossing takes 20 ms with 5 ms flat parts in between. The number of resonance crossings
is adjusted by adjusting the time of the measurement. In case of emittance measurements in the BTM
line, the extraction timing is programmed to one of the locations indicated by arrows in Figure 2b. In
case of the BeamScope, the measurement is triggered such that the beam is shaved during the flat parts
of the working line. In order to keep the beam bunched and well controlled up to the latest extraction
(at ”C” 830 ms), the programmation of some GFA’s and timings of the beam control system had to be
modified (delayed).
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Figure 2: Programmation of the cycle and of the working point.

3.2 Measurements with LHC type beams

2.7 turns were injected into Ring 3 leading to an intensity of about 120 × 1010 protons per shot. For
every setting of the extraction timing (number of coupling resonance crossings), 5 horizontal and 5 vertical
shots have been observed in the BTM line and the beam sizes measured with the three consecutive SE
Profile Monitors have been recorded.
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Figure 3: Result of emittance measurements at different extraction timings and
thus different number of coupling resonance crossings. The filled (empty) stars
and the solid (dashed) line denote vertical (horizontal) measurements. The mo-
mentum spread 2σp/p = 2.09 × 10−3 obtained from the ”Tomoscope” [4] and
the standard values for the dispersion at the location of the SE monitors are
used for this evaluation.

The results of the emittance measurement following the ”standard” procedure, i.e. measurement of the
momentum spread with the ”Tomoscope” [4] 2σp/p = 2.09×10−3 and use of the ”theoretical” dispersion
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(2.85 m, 1.90 m and 0.95 m) at the 3 SE Monitors, are plotted in Figure 3. The error bars reflect the
uncertainty due to shot-to-shot variations of the measured beam size, but do not take any systematic
effect into account. The emittance measured in the vertical plane (filled stars) flips, as expected, between
two values, the vertical εV,2σ ≈ 3µm and the horizontal εH,2σ ≈ 4µm emittance of a beam not crossing
the coupling diagonal. The emittances measured in the horizontal plane (empty stars in Figure 3) also flip
between values, but are significantly smaller than the ones measured in the vertical plane. Especially the
measurements with the working point ”on the other side” of the coupling resonance, which in principle
should give the vertical emittance of the initial beam, are unreasonably small. This indicates that the
horizontal emittance of the beam is about 30 % larger than determined with the standard procedure, but
still well inside the specifications for LHC.
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Figure 4: Influence of the momentum spread and of the dispersion on emittance
measurements. The same data than in Figure 3 have been evaluated, but with
different assumptions on the parameters to correct for the contribution of the
momentum spread and the dispersion to the beam size as indicated on the plots.

The unreasonable small horizontal emittance measurements lead to the suspicion that the contribu-
tion of the momentum spread to the beam size is overcompensated. Thus, the same measurement date
have been evaluated with different assumptions on the parameters to correct for the contribution of the
momentum spread and the dispersion to the beam size. The results assuming a momentum spread of
2σp/p = 1.95× 10−3 and the dispersion reduced by 0.12 m are plotted in Figure 4 a and b, respectively.
With both ”parameter adjustements”, the expected behaviour of the emittance measurements is obtained
within the accuracy of the measurement.

3.3 Measurements with small momentum spread beams

In order to show the emittance exchange more explicitely, a special beam has been prepared. The
momentum spread was reduced by longitudinal shaving using a low RF voltage at capture and at the
beginning of the cycle. The relative momentum spread (2 times RMS) measured with the ”Tomoscope”
for that beam was 2σp/2 ≈ 0.65×10−3 for Ring 3 and 2σp/2 ≈ 0.55×10−3 for Ring 4 of the Booster. This
small momentum spread ensures that the effect on the measurements is small and that the uncertainty of
momentum spread and dispersion only slightly affect the final results. Furthermore, 8 turns were injected
to obtain a large (initially) horizontal emittance. The (initially) vertical emittance was reduced with
transverse shaving.

The emittances measured at different times, i.e. for different numbers of coupling resonance crossings,
are plotted in Figures 5 and 6 for Ring 3 and Ring 4 of the Booster. The measurements in the BTM mea-
surement line lead to the expected behaviour, i.e. exchange of the transverse emittances. The momentum
spread used for the evaluations is not critical, i.e. (reasonable) variations around the values measured
with the ”Tomoscope” lead to very similar results.

The BeamScope application program was set up such that no correction for the contribution of the
momentum spread to the signal was applied. Furthermore, the horizontal emittances measured in ring 3
seem too small. This can be explained with anomalies, eventually actions of RF feed-back loops, which are
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Figure 5: Emittance measurements with a beam in Ring 3 optimized to observe
the emittance transfer while crossing the coupling resonance. Filled and empty
stars are for the vertical and horizontal emittance, respectively.
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Figure 6: Emittance measurements with a beam in Ring 3 optimized to observe
the emittance transfer while crossing the coupling resonance.

observed frequently. For those reasons the BeamScope measurements are less significant. Still, except the
horizontal measurements in ring 3, also the BeamScope measurements basically confirm the anticipated
behaviour.

4 Summary and Outlook

It has been shown experimentally that transfer of the horizontal emittance into the vertical phase space
can be used for precise measurements of the horizontal emittance. For a proof of the principle, a coupling
resonance is crossed several times.

One experiment was done with an LHC type beam and emittance measuerements in the BTM line.
The observed behaviour (horizontal emittances systematically too small) led to the conclusion that the
contribution of the momentum spread and the dispersion to the beam size is overcompensated. The
emittance measured with the standard procedure in the BTM measurement line are about 25 % too
optimistic.

Another experiment, using a special set-up leading to a beam with a small momentum spread and largely
different emittances, allowed to observe the emittance transfer in more direct manner. The anticipated
behaviour without significant blow-up has been observed without adjustement of any parameter used for
the evaluations.

The MD described in this report necessitated a long special setup, which is unacceptable for routine
emittance measurements. But the results obtained proof the viability of the principle and a shorter
procedure for routine measurements of the horizontal emittance can be imagined. It is sufficient to
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cross the coupling resonance only once towards the end of the cycle, during say the last 20 ms before
extraction. This necessitates a small modifification of the programmed working line, which can be done
in a few minutes, a time acceptable for routine verifications of the horizontal emittance.

The following further verifications and extensions may be envisaged :

– Emittance measurements with the Wire Scanner :
The principle to transfer emittance from the horizontal plane with dispersion to the vertical one can
be combined with any emittance measurement device. The Wire Scanner is a natural candidate,
but is not operational at the moment.

– Investigation on the velocity of the coupling resonance crossing :
When the resonance crossing is too fast or the coupling coefficients are too small, the transfer of the
eigenvectors from one plane to the other is fast. Thus, in this case, the process is not quasi-adiabatic
any more and equilibration of the two emittances must be expected.
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