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Abstract

Linear gas stopping cells have been used for nearly two decades to slow
down projectile fragments at the National Superconducting Cyclotron Lab-
oratory, now the Facility for Rare Isotope Beams, for experiments with low-
energy and reaccelerated beams. In order to efficiently stop and rapidly
extract light to medium-mass fast ions, a cyclotron gas-stopper has been
constructed. It uses a cyclotron-type magnet and a helium-gas filled stop-
ping chamber to slow down the injected beam. RF ion guides transport the
stopped ions to the center of the magnet and axially through the bore before
acceleration to <60 keV.

Following successful offline tests, the cyclotron stopper was moved to an
experimental vault and connected to a new momentum-compression beam
line. Beam transport to and into the cyclotron stopper was tested with stable
beams. Using 46K fragments, the first successful stopping and extraction of
a high-energy beam with the cyclotron stopper was demonstrated.
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1. Introduction

Gas stopping of energetic projectile fragments has been an important
pathway to science with unique stopped and reaccelerated beams at the Na-
tional Superconducting Cyclotron Laboratory (NSCL). The NSCL has tran-
sitioned into the Facility for Rare Isotope Beams (FRIB) in order to create
significantly more exotic and more intense beams, prompting novel upgrades
to the gas-stopping facility. FRIB will continue to operate linear gas-stopping
cells to provide projectile fragments at low energy [1, 2]. In order to extract
the lightest ions rapidly, which do not stop efficiently in linear gas cells due
to their limited stopping lengths, a gas-filled reverse cyclotron has been con-
structed. A device based on this concept has been used to slow down and
trap exotic light particles at LEAR/CERN [3] and it was proposed for the
slowing-down of very light ions [4].

Developing this concept further [5, 6], the FRIB cyclotron gas stopper
uses a cryogenic helium-gas filled stopping chamber inside a superconducting
cyclotron-type magnet with a maximum field strength of ≈2.6T [7] to confine
the injected beam and bring it to a near halt. Degraded to a magnetic
rigidity adequate for the field strength at the entrance radius of the stopping
chamber, ions spiral towards the center of the device as they decelerate in the
buffer gas. Traveling-wave RF ion carpets [8, 9], sized to cover the expected
stopping distribution from combined LISE++/Monte-Carlo-type stopping
simulations [6, 10], take the ions to the center of the device. There, an ion
conveyor [11] extracts them at low gas pressure through the magnet bore out
of the cyclotron stopper. The spiral deceleration path provides one to two
orders of magnitude larger stopping length compared to linear gas stoppers
that operate at similar gas pressure while keeping the travel and extraction
times similar.

2. Offline commissioning, preparation of high-energy vault

For construction and low-energy ion transport tests, the cyclotron stop-
per was initially installed at a location separated from the NSCL high-energy
beam lines. The magnet and related cryogenic infrastructure were commis-
sioned and the magnetic field distribution at the nominal excitation current
of 180A demonstrated [12]. With the magnet operational, the low-energy
ion guides were tested with an internal test ion source. Efficient ion trans-
port along the ion carpets and the ion conveyor were demonstrated with and
without the magnet energized [13].
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While the low-energy ion transport tests were progressing, a dedicated
high-energy vault was prepared to house the cyclotron stopper. Given the
magnet’s weight of ≈170 tons, concentrated on a small area, a part of the
vault floor had to be replaced and reinforced using micropiles to provide a
solid foundation. In parallel, planning and construction progressed for a new
momentum-compression line to connect the cyclotron stopper to the A1900
fragment separator. Similar to the beam lines for the linear gas stoppers, the
new line features a copy of a 45-degree dipole used in the A1900 fragment
separator and two large-bore magnetic triplets. They disperse the beam at
a wedge degrader while focusing the momentum-compressed beam into the
cyclotron stopper.

Figure 1 shows COSY beam calculations for the dispersive horizontal
plane with three beams: one with a nominal rigidity of 3Tm and two more
with ±1.25% relative momentum deviation dp/p. The calculated momen-
tum dispersion from the degrader location to the wedge position near the
end of the beam line is 14.4 mm per percent dp/p.
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Figure 1: Calculated beam transport from the A1900 focal plane through the new momen-
tum compression line to the wedge degrader box at the entrance of the cyclotron stopper.
The three beams have a nominal rigidity of 3Tm and ±1.25% dp/p in the dispersive
horizontal plane.

3. Commissioning the momentum compression line

In 2018-19 the cylotron stopper was disassembled, moved to its online
location in the so-called N2/3 vault and the momentum-compression line
was completed. Figure 2 shows a photograph of the vault taken near the end
of construction.
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Figure 2: Photograph of the N2/3 vault with the new momentum-compression beamline
and the cyclotron stopper.

The new beamline was commissioned in two runs in 2019 with primary
40Ca and 48Ca beams, confirming beam optics calculations. Commissioning
the cylotron stopper with high-energy beam started in 2020 with primary
78Kr and 48Ca beams. In all tests with primary beams the rate sent into the
N2/3 vault was limited by discarding the dominantly fully-stripped primary
beam on a beam blocker and transmitting a small H-like fraction through
the A1900. A thin scintillator at the A1900 focal plane was used to monitor
the beam rate. After passing through that scintillator most of the beam
sent into the N2/3 vault was fully-stripped, while a small fraction remained
H-like. During the run with 78Kr beam an Al plate with effective thickness
of 1168 um was installed at the degrader position indicated in Figure 1 to
reduce beam rigidity to 2.14Tm prior to injection into the cyclotron-stopper.
As shown in Figure 3, three beam spots were observed on a viewer installed
at the wedge location. LISE++ calculations, based on COSY optics input
are shown on the right of the Figure. They indicate that the three beam
spots are compatible with charge states 35+ and 36+, obtained by charge
exchange in the scintillator at the A1900 focal plane and the degrader, and
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Figure 3: Left: beam image recorded at the last beam viewer of the N2/3 momentum-
compression beam line. The image shows three beam spots, compatible with charge states
35+ and 36+ of 78Kr beam, obtained by charge exchange in the scintillator at the A1900
focal plane and an Al degrader. Right: LISE++ calculation showing the expected positions
for the three beams at the viewer.

the expected momentum dispersion of the line.

4. Injection tests

For the commissioning runs with the cyclotron stopper, two Si detectors
were installed inside the stopping chamber, shown in Figure 4. The first
one is located at the edge of the last degrader and can rotate into the beam
path when the degrader is not in use. The second detector is mounted on
a movable arm to probe the radial beam distribution 240◦ behind the last
degrader.

Figure 5 shows two radial 48Ca beam distributions recorded with the
second detector while the stopping chamber was evacuated and filled with
100mbar He gas, respectively. With the chamber evacuated and the final
degrader reducing beam rigidity to match the magnetic field strength at
the degrader radius, the injected beam will perform a near-circular motion
outside the detector range. For the scan without gas, the degrader was
set to a lower rigidity with most of the beam circulating at large radius.
As eccentricity increases at lower rigidity with larger degrader angles, more
beam penetrated into the detectable range and led to the detected profile
expected from the simulations at that degrader angle.

Using 100mbar of He gas, the now inward-spiraling motion led to a peaked
profile at minimum degrader angle. The simulations indicate a larger angle
would have shifted the maximum to a smaller-than-detectable radius.
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Figure 4: Photograph of the interior of the stopping chamber. The large RF carpets
(copper color), the degrader plate, and the two Si detectors are visible in the image. A
schematic path of the beam passing the final degrader, spiraling to rest above the carpet
is indicated in green and the path of the ions across the carpet to the center and exiting
through the bore is indicated in yellow.

5. Stopping and extraction test with 46K

Efficient stopping and transport along the ion carpets requires a He gas
pressure of a few tens of mbar, while the ion conveyor inside the magnet bore
works best at a few mbar before beam is extracted to vacuum; see [13] for
details about the ion guide setup. Pumping equipment similar to that in use
for FRIB’s linear gas stoppers was added to provide the necessary differential
pumping. A third Si detector was installed at the end of the ion conveyor to
record extracted beam.

A beam of 46K fragments, obtained from a 48Ca primary beam, was sent
into the momentum compression line with ≈2.6Tm rigidity. It was degraded
further to ≈1.1Tm by a 2.5mrad-angle wedge degrader, two Al beam win-
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Figure 5: Radial detector scans. The left two panels show experimental count rate as
a function of radial detector position with the chamber evacuated (top) and filled with
100mbar He (bottom). The right panels show corresponding simulations, performed for
different final degrader thicknesses, labeled by rotation angle. The vertical lines in the
right panels mark the range of detector movement.

dows with a combined thickness of 177 um and the rotatable 508 um degrader
inside the stopping chamber. The rigidity was chosen to match the magnet’s
excitation at 96A, which resulted in ≈79% of the maximum field strength.
Ions came to rest in helium gas at up to 47mbar pressure. The large ion car-
pets shown in Fig. 4 were operated near 7.5MHz and 96Vpp RF amplitude,
while the conveyor was driven with an 8-phase square RF voltage of 50Vpp

at 3MHz. Beta activity with a half-life of 46K was detected at the end of
the ion conveyor, which proved successful extraction of this beam from the
cyclotron stopper.

Figure 6 (left) shows the negative ionization current recorded with the
plates providing the pushing field of the carpets inside the stopping chamber,
as well as ion current and beta count rate at the detector behind the ion
conveyor. For this test the chamber pressure was 47mbar, while the conveyor
pressure was near 8mbar. Maximum beta count rate was observed for a large
degrader angle at low ionization current. Corresponding stopping simulations
for these conditions agree with the findings that efficient stopping of ions
happens at large degrader angle, when ionization is concentrated near the
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Figure 6: Degrader scan from extraction tests with 46K. Recorded quantities in the ex-
periment (left) include the ionization current in the carpet volume, beta count rate and
the current observed at the Si detector at the exit of the cyclotron stopper. Simulated
quantities shown on the right: ionization current, fraction of injected beam stopped inside
the stopping chamber and within the carpet radius of 0.44m.

degrader and low inside the carpet area. The transmission of 46K beam from
the A1900 focal plane to the last detector behind the conveyor was in the
one-percent range observed in these initial time-limited tests. The tests were
cut short by the transition of the NSCL facility to FRIB. One can expect
that the efficiency will be considerably improved with further testing and
optimization, since FRIB recently has started operations.

6. Outlook

Following the successful extraction tests, plans are progressing to connect
the cyclotron stopper to an expanded FRIB stopped-beam distribution area.
The area will include a high-resolution mass separator complementing the
existing but relocated separator and integrate a high-current EBIS charge
breeder [14].
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