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Abstract
At the heavy-ion accelerator UNIversal Linear ACcel-

erator (UNILAC) at GSI Helmholtz Center for Heavy Ion
Research (GSI) in Darmstadt, measurements of the longitu-
dinal emittance were performed using a Fast Faraday Cup
(FFC) installed in a dispersive section. The FFC provides
high-resolution, time-resolved measurements of the charge
distribution along the longitudinal beam profile. Different
buncher settings were applied to study the longitudinal beam
dynamics and identify the phase and energy foci at the FFC
location. Based on these measurements, beam dynamics
calculations were carried out to determine the longitudinal
emittance at the exit of the Alvarez section. Measurement
and calculation results will be presented.

INTRODUCTION
In addition to transverse extent and divergence, the longi-

tudinal charge distribution within an ion bunch is one of the
most important properties of a beam in linear accelerators.
This is determined by the bunch shape and length, as well as
the beam’s energy spread. These factors influence the beam
transmission and, consequently, the efficiency of the accel-
erator. Generally, experiments require a low uncertainty of
the ion beam energy; therefore, it is important to measure
the charge distribution in the longitudinal phase plane.

Typically, one determines the 2D bunch portrait in the
longitudinal phase plane by measuring one of the projections
under controlled longitudinal optics settings [1]. Given that,
the UNIversal Linear ACcelerator (UNILAC) [2–7], see
Fig. 1, at GSI Helmholtz Centre for Heavy-Ion Research
∗ nim.schmidt@gsi.de

is equipped with various instruments for longitudinal beam
diagnostics, including the Fast Faraday Cup (FFC). FFCs are
variants of the regular Faraday Cups optimized for measuring
fast time-varying charge distributions in the nanosecond
regime.

The objective of this work is the determination of the
longitudinal emittance behind the Alvarez section using the
Dispersion-Assisted Longitudinal Emittance (DALE) mea-
surement method [8]. When charged particle beams pass
through a dispersive section, particles with different kinetic
energies are deflected on different trajectories. Hence, in
circumstances where the dispersion is sufficiently large, the
energy spread can be translated into transverse deflection,
which then can be scanned with the movable FFC. Since the
section of the Alvarez cavities themselves is not dispersive,
the data presented here was recorded in the dispersive beam-
line at the X2 target location in the experimental hall at the
UNILAC exit using a Radially Coupled Fast Faraday Cup
(RCFFC) in July 2025. The particle ensembles, generated
from the measurements, were subsequently back-propagated
to the exit of the Alvarez section using the multi-particle
tracking code Aperture3D [9].

This paper provides a brief introduction to the functional-
ity of the RCFFC, the experimental setup, and the methods
employed. The focus lies on the ion beam measurements
of the charge distribution in the longitudinal phase plane.
Furthermore, the backpropagation of the obtained ion distri-
bution is presented.

FAST FARADAY CUP
The RCFFC is capable of measuring the longitudinal

charge distribution of each bunch along the macro pulse.

Figure 1: Layout of the UNILAC. The target location X2 and the buncher BE10 adjusted for this measurement are
highlighted [7].
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Figure 2: Cross-section view of the RCFFC. The beam inci-
dence is indicated [10].

The beam couples through a round hole from the side of a
coaxial cable through the dielectric medium into the central
conductor. It has a bandwidth of 5 GHz and a time resolution
of 22 ps at 𝛽 = 0.15 limited by field dilution effects [11–14].
In order to minimize the leakage of Secondary Electrons
(SEs), the hole is designed with a width of 1 mm and depth of
2.5 mm, see Fig. 2. Additionally, positive biasing is applied
on the collector of the RCFFC to further suppress SEs. The
hole in the outer conductor of the co-axial is covered with a
Titanium-Zirconium-Molybdenum alloy (TZM) disk with a
0.8 mm hole with the purpose of tolerating the heat deposited
by the beam and reducing field dilution effects [10].

MEASUREMENTS
The measurements presented in this work were carried

out with a 𝐴𝑟8+ ion beam from the high charge state injector
(HLI) with an energy of 11.4 MeV/u and an average beam
current of 35 µA at the X2 target location (see Fig. 1). The
RCFFC is measuring the longitudinal charge distribution
bunch-by-bunch in the macro pulse. Fig. 3 shows the average
distribution of all bunches in one pulse.

Figure 3: The average longitudinal charge distribution of a
35 µA 𝐴𝑟8+ at the X2 target location at the UNILAC.

The negative spike in intensity at the bunch tail origi-
nates mainly from the AC coupling of the broadband ampli-
fiers (50 MHz - 6 GHz) with additional contributions from
SE emission. The band arises due to intensity fluctuations
within the pulse. The bunch phase width was measured to

be 𝜎 = 13.75 deg, which corresponds to a time structure of
𝜎 = 352 ps at a frequency of 𝑓 = 108.4 MHz. However,
it should be noted that this only corresponds to the bunch
length of a transversal slice of the beam, as only a part of
the beam passes through the hole of 0.8 mm in the RCFFC.
The measurement of the entire beam, horizontally scanned
with the stepper motor driven FFC, is shown in Fig. 4.

The inverse of the dispersion at the X2 target location was
determined to be 9.16 keV/(u mm) using the multi-particle
tracking code Aperture3D with the accelerator settings em-
ployed. In addition, the dispersion was experimentally deter-
mined by measuring the horizontal beam profile and change
of its center as a function of beam energy. The values de-
termined using the two methods are consistent with one
another. This value can be used to associate the FFC stepper
motor positions with specific particle energies, with higher
position values corresponding to higher-energy particles, as
shown in Fig. 4. The measured charge distributions in the
longitudinal phase plane reveal two central energy peaks
that probably originate in the HLI.

Figure 4: Measurements of the charge distribution in the
longitudinal phase plane for different buncher amplitudes in
bunching mode.

In order to verify that the charge distribution in the longi-
tudinal phase plane had indeed been measured and to test the
possibility of beam manipulation, the single gap resonator
BE10 was used as a buncher. The buncher amplitude was
then gradually increased. For each of these dedicated set-
tings, the entire beam was scanned horizontally with the FFC
in order to measure the charge distribution in the longitudi-
nal phase plane. A set of such distributions obtained through
this method is presented in Fig. 4. It is evident from the data
set that there is a clear and perceptible transformation of the

Prep
rin

t



particle ensemble with increasing buncher amplitudes. In
bunching mode, particles that arrive first are decelerated by
the RF-field, whilst those with later arrival times are accel-
erated. The buncher amplitude directly correlates with the
strength of this force acting on the beam. The beam line be-
tween the buncher and the FFC in X2 contains several dipole
and quadrupole magnets. To illustrate a transformation of
the ellipse, representing the beam portrait in the longitudinal
phase plane, a drift of 29 m is used, where higher-energy
particles arrive earlier while lower-energy particles arrive
later as shown in Fig. 5.

Figure 5: Transformation of the ellipse, representing the
beam portrait in the longitudinal phase plane for different
buncher settings. The arrows indicate the direction of the
transformation in the buncher and the 29 m long drift.

The targeted beam manipulation is clearly recognizable
in Fig. 4, demonstrating the sensitivity of the longitudinal
beam dynamics to the applied buncher settings and thereby
verifying the feasibility of this approach.

BACKPROPAGATION

Building on this, the particle distributions constructed
from the data sets were back-propagated from the measure-
ment point in the diagnostic chamber in X2 to the exit of
the Alvarez section for the respective buncher settings using
the multiparticle beam dynamics code Aperture3D. Addi-
tionally, the 4-RMS ellipses of the back-propagated particle
ensembles were then calculated; see Fig. 6. The orientations
of the corresponding ellipses show good agreement within
± 2.5 %. However, they differ in phase width and emittance,
which might be explained by higher particle losses at higher
buncher amplitudes.

In addition, an average ellipse was characterized by av-
eraging the Twiss parameters of all ellipses. This is shown
in black in Fig. 6. Furthermore, another ellipse was deter-
mined that encloses all ellipses under consideration, shown
in grey in Fig. 6. Although a complete agreement between
all the ellipses is not achieved, it must be assumed that
the particle ensemble actually expected in the longitudi-
nal phase plane behind the Alvarez section lies within this
“overall ellipse” with a longitudinal 4-RMS emittance of
4 · 𝜖rms = 2800 deg keV/u.

Figure 6: 4-RMS ellipses of the back-propagated particle
ensembles of various data sets at the exit of the Alvarez
section, marked by the buncher voltage applied during the
respective measurement.

CONCLUSION & OUTLOOK
The charge distribution in the longitudinal phase plane

at the UNILAC exit was successfully characterized using
dispersion-assisted longitudinal emittance measurements
with the RCFFC. By systematically varying the buncher
settings, the beam shape could be manipulated, and the ex-
pected transformation was clearly observed, confirming the
validity of the method.

Building on this, the particle ensembles, generated from
the experimentally determined data, were back-propagated
from the measurement point in the diagnostic chamber in
X2 to the exit of the Alvarez section. At this position, a max-
imum longitudinal RMS emittance of 𝜖rms = 700 deg keV/u
could be calculated.

The obtained results allow further optimization of the
beam injection into the synchrotron SIS18 [15]. In addi-
tion, the developed method could potentially be used in the
superconducting, continuous wave, heavy ion accelerator
HELIAC [16–19], which is currently under construction at
GSI and Helmholtz Institute Mainz.
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