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Abstract
The beam quality in terms of the transverse beam pro-

files from the CERN injectors plays a crucial role for the
luminosity production at the LHC. Transverse tails beyond
a Gaussian distribution have been observed in all the LHC
injectors and efforts to optimize them are ongoing, as they
can perturb operations due to large losses at LHC injection.
At the CERN Proton Synchrotron (PS), measurements with
various beam parameters and at different points along the
cycle have been conducted to identify the source of the ad-
ditional tails’ population. Transition crossing was identified
as the most critical point in the shaping of the profiles. Con-
sequently, measurements of the optics perturbations during
the 𝛾𝑡-jump have been conducted. Simulations of the full
transition crossing process including space charge effects
have also been performed to fully characterize the effects.

INTRODUCTION
Transverse beam profile measurements have shown that

non-Gaussian tails are developed at various stages of the
beam propagation along the LHC injector complex [1].
These particle distribution profiles with overpopulated tails
can be characterise using q-Gaussian distributions, as pre-
viously applied to measured profiles from the LHC [2] and
the Proton Synchrotron Booster (PSB) [3].

The PS has been identified as the accelerator of the in-
jector chain that contributes the most to the tail generation
along the complex [1], in particular the transition crossing
process. The LHC beams are injected in the PS at 2 GeV
and accelerated to 26 GeV. The transition energy of the
PS is at 𝛾𝑡 ≈ 6.1 and so transition needs to be crossed in
routine operation. To minimize adverse effect from beam
instabilities during transition crossing, a 𝛾𝑡-jump scheme
was implemented [4]. In this work, the effect of the 𝛾𝑡-jump
scheme on the optics and the transveres beam profiles was
studied through measurements and simulations.

TRANSVERSE TAILS AT THE CERN PS
Gaussian distributions are insufficient for describing the

beam characteristics in the presence of overpopulated tails
in the transverse profiles. Instead, q-Gaussian distributions
are adequate in most of these cases. The parameter 𝑞 of this
distribution describes the significance of the tails. When
𝑞 < 1, the tails are underpopulated compared to a normal
Gaussian, when 𝑞 = 1, the q-Gaussian reduces to a normal
Gaussian distribution, while for 𝑞 > 1 overpopulated tails
∗ miltiadis.bozatzis@cern.ch

are observed. Larger values of the 𝑞 factor represent more
significant tail populations.

In order to characterise the transverse beam profiles, a
series of measurements were performed in the CERN PS.
The emittance and the q-factor, extracted from the Gaussian
and the q-Gaussian fit of the profiles respectively, are used to
monitor the beam behaviour in the transverse planes all along
the PS cycle and with different beam intensities injected.

Tail Population Along the Cycle
The PS cycle for the operational LHC type beams is shown

in Fig. 1. It accommodates two injections from the PSB at
an energy of 2 GeV, first four bunches at 170 ms and then
two bunches at 1370 ms cycle time. During the intermedi-
ate energy plateau (1500 ms − 1900 ms), longitudinal triple
splitting is applied to form 18 bunches. During acceleration
the beam crosses transition energy at ≈2030 ms and finally
reaches the top energy of 26 GeV. Before the protons are
extracted to the Super Proton Synchrotron (SPS), two double
splittings are applied to create the final train structure of 72
bunches of the standard LHC beam [5].

Transverse profiles were measured with the wire scan-
ners [6] after each significant event of the cycle described
above. Since the horizontal profiles are affected by the mo-
mentum spread of the beam in combination with the horizon-
tal dispersion [7], 𝐷𝑥 ≈ 2.3m in the location of the horizontal
wire scanner, only the vertical plane is considered here. The
results are summarized in Fig. 1.

The normalized vertical emittance stays relatively con-
stant along the cycle with small fluctuations of 9%. It should

Figure 1: Vertical emittance (blue) and q-factor (red, sec-
ondary axis) along the PS cycle for the LHC type beam with
72 bunches at extraction with an intensity of 1.81×1011 ppb.
The proton energy (black, secondary axis) and the timing of
the two injections from the PSB (green, secondary axis) are
also shown.
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be noted that the variance of a Gaussian and a q-Gaussian fit
differs, depending on the tails of the distribution. The emit-
tance values are conventionally calculated using a normal
Gaussian fit. On the other hand, a q-Gaussian fit shows that
the tail population increases along the cycle as the q-factor
goes from 1.24 at injection to 1.54 at extraction. The largest
tail population increase seems to be occurring at transition
crossing, where the q-factor suffers a 20% increase.

Brightness Curve and Tail Generation
In order to monitor the tail population, the emittance blow-

up and the overall brightness behaviour of the PS, a series
of transverse profile measurements were performed at the
first injection and at extraction, for different beam intensities.
The measurements of the horizontal profiles are taken using
the newly deployed zero dispersion (at the location of the
horizontal wire scanner) optics [8].

The brightness curve at PS extraction is close to the
LHC Injectors Upgrade (LIU) target [9], with a maximum
deviation of 5% for the high intensity regime, i.e. 𝑁𝑏 ≥
1.5 × 1011 ppb, as shown in Fig. 2 (top). In addition, the hor-
izontal emittances at injection were accurately measured for

Figure 2: Top: PS brightness curve, i.e. average emittance
𝜖𝑥+𝜖𝑦

2 as a function of intensity, at injection with the zero
dispersion optics (blue) and at extraction (red). The LIU
target is shown by the line delimiting the faded blue area.
Bottom: Vertical q-factor at PS injection (blue) and extrac-
tion (red) for different intensities.

the first time after the LIU upgrades thanks to the zero dis-
persion optics. On average, a blow-up of 12% is observed.
However, it should be noted that only the Gaussian fit is
considered at this stage.

The q values from the corresponding q-Gaussian fits are
shown in Fig. 2 (bottom). The q-factor of the vertical pro-
files at PS injection gets smaller with increasing intensity,
meaning that the transverse profiles injected from PSB are
more Gaussian. However, the q-factor increase along the
PS cycle increases with intensity, indicating a brightness
dependent mechanism. This is also demonstrated by the di-
rect comparison of the vertical profile between PS injection
and extraction for different intensities, as plotted in Fig. 3.
The profiles have been normalized to account for the energy
ramp and the consequent beam size reduction.

Figure 3: Comparison of injection (blue) and extraction
(red) vertical profiles for an intensity of 0.49 × 1011 ppb
(left) and 2.68 × 1011 ppb (right), in logarithmic scale. The
𝜎coll metric represents the profile normalisation convention
that corresponds to the standard deviation of a Gaussian
profile with an emittance of 3.5 𝜇m.

PS OPTICS AT TRANSITION CROSSING
The measurements along the PS cycle showed a signifi-

cant tail population increase during transition crossing. As
mentioned, a 𝛾𝑡-jump scheme is needed in order to cross the
transition as efficiently as possible to limit any impact on the
PS performance [4]. Quadrupoles arranged in doublets and
triplets configurations are powered with specific strength
functions to adjust the momentum compaction factor 𝛼𝑝 and
𝛾𝑡. This configuration ensures that the proton energy is far
from transition for a longer period of time, and makes the
actual transition crossing speed 50 times faster [10].

Although the 𝛾𝑡-jump is essential for PS operation,
it perturbs the optics during the transition crossing
(1980 ms − 2080 ms). In order to characterise this perturba-
tion, the 𝛽 functions were measured using k-modulation [11].
These measurements were conducted at the flat bottom en-
ergy of 2 GeV, while firing the 𝛾𝑡-jump quadrupoles. This
configuration was chosen to have better sensitivity of the
k-modulation measurements for the available currents of
the individual quadrupoles of the PS. The currents for the
doublets and triplets of the 𝛾𝑡-jump scheme were scaled ac-
cordingly, to reproduce the actual transition crossing optics.

As shown in Fig. 4, the measured 𝛽𝑥 values are in good
agreement with the model predictions from MAD-X [12].
The perturbations during transition crossing are significant
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Figure 4: Horizontal 𝛽-beating resulting from the 𝛾𝑡-jump scheme. The model (continuous lines) display the beta beating
along the whole machine and the measured values (points with error-bars) verify it at the measurement locations. The
displayed times correspond to timestamps of the 𝛾𝑡-jump (0 − 100 ms) with the transition crossing happening at 50 ms.

with a 𝛽-beating up to 𝛽𝑥/𝛽𝑥0 ≈ 2.8 compared to the un-
perturbed optics. In addition to the 𝛽-beating, the 𝛾𝑡-jump
introduces a dispersion variation up to 𝐷𝑥/𝐷𝑥0 ≈ 2.4 and
tune variation of Qx = +0.023 and Qy = +0.002 in the hor-
izontal and vertical planes respectively.

PS GAMMA JUMP SIMULATIONS
Simulations of the 𝛾𝑡-jump optics perturbations have been

performed using the PS MAD-X model in Xsuite [13]. As a
first stage the 𝛾𝑡-jump elements, i.e. the quadrupole doublets
and triplets, are powered at constant energy similar to the
configuration used during the optics measurements. The
quadrupoles’ currents as well as the simulated emittance
evolution during this optics manipulation are shown in Fig 5.
It is shown that the optics manipulations alone (without
collective effects) have no impact on the emittances.

As a next step, space charge was also included in the sim-
ulations. The space charge effect is particularly strong in
the PS [14], as the induced maximum tune shift can reach
Qx,y ≈ −0.3 for the high brightness beams. In addition, the
measurements presented above have shown a dependency
of the non-Gaussian tail population on the beam brightness.
Although the space charge force reduces with energy, it is

Figure 5: Vertical (red) and Horizontal (green) emittance
along the 𝛾𝑡-jump on a flat bottom cycle with (continuous)
and without (dashed) space charge effects. The currents ap-
plied (blue) in the triplet (continuous) and doublet (dashed)
quadrupoles are plotted on a secondary axis.

still significant around transition crossing. In particular, the
maximum induced tune shift right before transition crossing
was estimated from the measured beam characteristics as
Qx = −0.06 and Qy = −0.16 [15]. As an initial simulation
setup, in order to have a clearer view of the resonances affect-
ing the beam during the 𝛾𝑡-jump, a smaller tune spread of
Qx = −0.05 and Qy = −0.08 was selected, which remains
comparable to the measured values. As shown in Fig. 5,
space charge affects the behaviour and an increase of the
statistical rms emittance is observed in the horizontal plane
during the first half of the 𝛾𝑡-jump. In the second half of
the 𝛾𝑡-jump, this emittance increase is transferred to the
vertical plane most likely due to interaction with the cou-
pling resonance, which is excited by space charge (Montague
resonance) [16–19], as the tunes evolve during the optics
manipulation. Further simulation studies are needed, with
different beam configurations, for a better characterisation
of this phenomenon.

CONCLUSION
The brightness curve was measured in the CERN PS at

injection and extraction. The measurements show that the
PS brightness is in good agreement with the LIU expec-
tations. However, a significant increase of non-Gaussian
transverse tail population was observed, with the transition
crossing process identified as the main contributor. In addi-
tion, a dependence of the tail increase on beam brightness
was identified. To this end, the optics perturbations along the
𝛾𝑡-jump manipulations were measured at flat bottom energy
and compared with the model showing excellent agreement.
Finally, simulations of the 𝛾𝑡-jump optics manipulation at
constant energy are ongoing and have already shown an im-
pact of space charge on the emittance evolution. Simulations
also including acceleration are needed to fully characterize
the mechanism causing the tail generation during transition
crossing.
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