Kutsaev et al. EPJ Techniques and Instrumentation (2020) 7:4 E PJ TeCh n | q ues an d
https://doi.org/10.1140/epjti/s40485-020-00056-1

EP]‘OrS Instrumentation

RESEARCH ARTICLE Open Access

Check for
updates

RF deflecting cavity for fast radioactive ion
beams

S.V. Kutsaev' '@, A. S. Plastun?, R. Agustsson', D. Bazin®*, N. Bultman?, P. N. Ostroumov?, A. Y. Smirnov', K. Taletski',
0. Tarasov® and R. G. T. Zegers™*”

* Correspondence: kutsaev@ ( A
radiabeam.com Abstract

'RadiaBeam Technologies LLC, 1717 " . s "
Stsvv':rtesatharffa vo(;?c'gsc/\ 50404 The Facility for Rare Isotope Beams (FRIB) will be a new scientific user facility that

USA produces rare-isotope beams for experiments from the fragmentation of heavy ions
Full list of author information is at energies of 100-200 MeV/u. During the projectile fragmentation, the rare isotope

ilable at the end of the articl . . . .
dvatiabie at fhe end of the articie of interest is produced along with many contaminants that need to be removed

before the beam reaches detectors. At FRIB, this is accomplished with a magnetic
projectile fragment separator. However, to achieve higher beam purity, in particular
for proton-rich rare isotopes, additional purification is necessary. RadiaBeam in
collaboration with Michigan State University (MSU) has designed a 20.125 MHz
radiofrequency (RF) fragment separator capable of producing a 4 MV kick with 18 cm
aperture in order to remove contaminant isotopes based on their time of flight. In
this paper, we will discuss the RF and engineering design considerations of this
separator cavity.
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Introduction

Radioactive beams have a major impact on studies of nuclear structure and nuclear
physics far from stability [1]. The ability to measure and model the properties of un-
stable nuclei is also of high interest because they play a key role in stellar nuclear reac-
tions, including those that form all heavy elements and the formation and structure of
neutron stars [2]. Experiments with rare-isotope beams are performed at a wide variety
of institutions around the world. Soon, the most powerful such facility in the world,
RIBF [3] in Japan, will be joined by two other next-generation facilities, FAIR [4] in
Germany and FRIB [5] in the United States.

The Facility for Rare Isotope Beams (FRIB) will be a cutting-edge research facility to en-
able breakthrough discoveries in the physics of nuclei, nuclear astrophysics, fundamental
interactions, and applied sciences [6—8]. The heart of FRIB is a high-power superconduct-
ing linear accelerator that will accelerate primary ion beams up to 200 MeV/u (for uran-
ium) to strike a target, creating rare isotopes (https://www.frib.msu.edu) [9]. The rare
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isotopes are then transported to the relevant vault for performing a wide variety of experi-
ments, such as reaction studies and decay spectroscopy.

During the projectile fragmentation isotope production, along with the desired rare
isotope, many other isotope species are produced. To maximize the FRIB scientific pro-
gram, the secondary fragments must be filtered out to ensure the delivery of rare iso-
topes with high rates and high purities [10]. The key part of FRIB will be a next-
generation three-stage magnetic projectile fragment separator, specifically designed to
handle the very intense primary and secondary beams [11].

Separation by magnetic rigidity is very effective on the neutron-rich side of the chart
of the isotopes, but less effective for proton-rich nuclei [12], due to rigidity overlap.
Therefore, the low momentum tails of the contaminants overlap with the optimum ri-
gidity of the fragment of interest. These low momentum tails come from dissipative ef-
fects in the fragmentation reaction, and tend to get smaller with increasing energy.
They are non-existent on the high momentum side, which is why this problem doesn’t
occur on the neutron-rich side. For further beam purification on the proton-rich side,
it is necessary to have an additional method for purifying the beam. This can be real-
ized through the time of flight separation [13] using an RF fragment separator (RFFS),
sometimes referred to as an RF deflector [14]. The operational concept of such a device
is shown in Fig. 1. In the RF separation technique, a time difference between beam
components develops due to the velocity difference, which results in a different deflec-
tion by a time-dependent electromagnetic transverse RF field. This happens because
the fragments arrive at different phases of the deflecting RF field in the cavity. Out-of-
phase fragments are deflected from the beam axis and then removed by the slit.

In order to account for possible radio-activation of the separator components, the
beam intensity will be monitored. This will be done prior and after the cavity. However,
beam intensities near the cavity will be limited because the beams are initially purified
in the FRIB Fragment Separator. For example, for the High Rigidity Spectrometer
(HRS) the beam intensities will not exceed ~ 107 pps at the cavity and activation is very
limited and mostly short-lived. Hence, remote handling near the cavity is not required.
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Fig. 1 Top: Stages of beam purification. | — Fragments have different velocities. Il - Due to the velocity
difference, the distance between fragments increases, and they interact with a different electric field of the
RF fragment separator. Il - tail particles are deflected and stopped by a slit. IV — the beam is purified from
the fragments. Bottom: RF fragment separator concept [15]

Focusing
Magnets




Kutsaev et al. EPJ Techniques and Instrumentation (2020) 7:4 Page 3 of 17

RadiaBeam, in collaboration with FRIB and National Superconducting Cyclotron
Laboratory (NSCL) scientists at Michigan State University, has designed a RF fragment sep-

arator capable of producing a 4 MV transverse kick, defined as V = fOL E7(z)- cos(wt)-dz.
Here, E7 is the transverse electric field, w is the RF angular frequency and z is the beam
direction. Also, it is necessary to avoid neighboring bunches mixing due to widening in the
time difference before entering the separator cavity. This can be done by increasing the
inter-bunch distance. For this mode FRIB will provide 20.125 MHz beams (see Fig. 2) [16].
The beams will be prebunched at 40.25 MHz using the existing multi-harmonic buncher.
An RF chopper located upstream of the SRF part of the linac will remove every other bunch
creating the 20.125 MHz bunch structure. The chopper is not in the baseline lattice of FRIB
and will be an additional component. An example of how the separation works is shown in
Fig. 3. In both panels, the deflection produced by the RFFES is plotted against the time of
flight to the RF fragment separator. The desired isotope is '°°Sn (one of the most desirable
proton-rich isotopes for experiments at FRIB), which is produced at a very minor fraction
compared to the contaminants. On the right-hand side, two out of four beam buckets are
filled and even when using deflection position slits (y-axis) to select *®*Sn, contaminations
cannot be removed effectively, because the RF bunches overlap. When three buckets are re-
moved (left-hand side of Fig. 3), it is possible to select '*Sn isotopes effectively, with only
one or two weaker contaminant isotope species remaining.

Based on LISE++ beam dynamics simulations [17] shown in the figure, it is possible
to increase the separation efficiency by a factor of 300 [18, 19]. This is sufficient for re-
ducing the number of contaminants such that particle identification detectors can be
used to identify the beam particle on an event-by-event case and thus isolate events in-
duced by '°Sn only. There is no reduction of the '°°Sn production rate from the mo-
mentum acceptance of the RFFS, but reduction is possible from the transverse
momentum spread if the transverse emittance is larger than that for which the RF sep-
arator gap was designed.

The simulations, shown in Fig. 3 used the momentum acceptance of +1.5% or 3%
spread in fractional momentum deviation. The momentum compression was used in
the calculations, so that the actual momentum acceptance is larger than this number.
Increasing the momentum acceptance will increase the overlap in time-of-flight, there-
fore reduce the filtering capability of the RF separator. A compromise has to be reached
between increasing the rate by opening the momentum acceptance, and losing purity,

which ultimately depends on the experiment’s goals. More details about beam
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Fig. 2 Principle of bunch sparsing, required to avoid neighboring bunches overlap. Color represents particle
velocity with red indicating the highest speed
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Fig. 3 The purification of a '°Sn beam simulated in LISE++ for two operating frequencies of the

RFFS: @ 20 MHz (left) and b 40 MHz (right). The figures show the distributions just after the cavity and

still prior to slits used for cutting the contaminants
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dynamics in the RF separator can be found in the Conceptual Design Report of the
FRIB High Rigidity Spectrometer [20]. In this paper we will focus on the electromag-
netic and engineering design of RFFS.

In order to achieve the required kick, it is necessary to produce a 300 kV voltage be-
tween electrodes, separated by an 18 cm aperture, in a 2.6 m-long separator cavity. The
chosen aperture dimension does not restrict the acceptance even if the RFFS is not
used. The cavity dimensions were chosen due to the beamline space restrictions at
FRIB. Generating a compact design for such a low-frequency cavity to fit the existing
beamline is a challenging task. We explored different candidate RF structures of the
separator, including a split-coaxial resonator (SCR), single and double quarter-wave
resonator (QWR and DQWR, respectively) and H-resonators (IH- and CH-). After the
comparison, we selected the DQWR as the optimal compromise for fabrication and op-
erations. The reasons for this choice will be covered in the forecoming Sections of this
paper. The conceptual design of the designed separator is shown in Fig. 4.

We performed detailed electromagnetic design optimization to reduce the RF power
losses and ensure stable operational parameters (such as peak E- field). We used beam
dynamics simulations to verify that the beam is deflected by 13 mm or 8.6 mrad after
going through the cavity, per FRIB requirements [20]. The conceptual engineering de-
sign, which includes the vacuum chamber, RF cavities, electrodes, couplers, tuners, and
cooling systems, was developed. It included structural, thermal, and computational fluid
dynamics (CFD) analysis to ensure stable operation. The following sections will de-
scribe the separator design in detail.

Method/experimental

Deflecting structure choice

As a part of the electromagnetic design of the separator cavity, we performed a detailed
survey and preliminary design of different deflecting structures in order to identify the
optimal one that can provide the required voltage kick within the dimensional con-
straints. This choice was a compromise between required RF power, compactness, and
fabrication feasibility. In particular, the FRIB beamline sets the following constraints:
the length of the separator from flange to flange should not exceed 2.6 m, the distance
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Fig. 4 Conceptual mechanical design of the 20.125 MHz fragment separator cavity. Human is placed
for scale

from the bottom to beamline should not exceed 1.5m, the cavity should operate at
20.125 MHz, the aperture size must be 18 cm, and the voltage between electrodes —
300kV. Three main classes of resonators were considered: H-resonator, split coaxial
resonator and TEM-class resonator.

In H- (or TE-) resonators, shown in Fig. 5, the electrodes load RF cavities and create
the voltage across the gap. Depending on the shape of the electrodes, this class of res-
onator can be subdivided into two subclasses: CH- (electrode has a shape of the letter
C, as shown in Fig. 5b) and IH - (electrode has a shape of the letter I, as shown in Fig.
5a). For such a low frequency, H-resonators have proven to be one of the most efficient
cavity types [21].

We started with the study of the IH-resonator due to its mechanical simplicity: it has
a stable central stem, and plenty of space for tuners and couplers. This cavity, however,
has no built-in adjustability to ensure electrodes parallelism, requires challenging rect-
angular stems with blended fillets attached directly to walls, and the long thin plates
may be tough to cool.

Electromagnetic simulations were performed in CST Microwave Studio. We opti-
mized both the radius of the cavity and the electrode support length to match the res-
onant frequency and minimize RF losses. Shorter supports have a smaller surface
therefore the H-field density on it is higher, resulting in higher losses. When support
length approaches cavity length, the H-field density in the area between them increases
resulting in higher losses. While there is an optimum value for the support length, it
was decreased in order to reduce the cavity radius by 28% (see Fig. 6). Even in this case,
we found that while the RF losses are low (14.8 kW), the tank diameter is unacceptably
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Fig. 5 Typical geometries of IH- (@), CH- (b) and 8H- (c) resonators. Human silhouette is placed for scale

large (2.7 m) for fabrication and handling, making this cavity a poor candidate for the
RF fragment separator.

Next, we considered a CH-resonator with a simple shape (Fig. 5b) to estimate dimen-
sions, losses, and its feasibility for this application. Unfortunately, even the preliminary
simulations revealed that the parameters of CH-resonator are unfavorable: extremely
large diameter (3.7 m), high losses (47 kW) and fabrication complexity, compared to
the IH-resonator, make this option not worth further investigation. Finally, a double
CH- or 8H- resonator option was considered (Fig. 5c), however the parameters were
also found to be completely unacceptable (5.4 m diameter with 89 kW losses).

Another efficient type of resonator with transverse E-field orientation is the so-called
split-coaxial resonator (SCR), shown in Fig. 7, where two electrodes are attached from
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Fig. 6 RF losses (left) and optimal cavity radius (right) as functions of the electrodes support width (s) of IH-
resonator, simulated in CST Microwave Studio

different sides of a cylindrical cavity, and form a gap with an RF field in between them.
This type of cavity is currently used in NSCL as a fragment separator [22]. The advan-
tages of such resonators include high efficiency and the ability to minimize the tank di-
mensions by optimizing the electrode dimensions. A significant downside of this option
is the sensitivity of the electrodes to vibrations, and of the large vacuum chamber for
buckling, which is true for all large chambers. This cavity requires additional gussets to
support plates, and the end flange parallelism is critical.

The first step of the cavity optimization was to identify RF parameter dependence of
the SCR on the different dimensions. In particular, the cavity chamber radius (R.,,)
must be kept as low as possible, but results in higher frequency, which must be com-
pensated by other dimensions. Wider (t.;) and thicker (/,.;;) electrodes improve the Q-
factor due to lower surface H-field density. However, the electric field strength on the
beam axis drops significantly for wider electrodes, which dominates over the increase
in Q-factor. The minimal width is defined by the field uniformity on the beam axis.
After the elimination of the electrode width dimension ¢, from the parameter
optimization array, only 3 key dimensions are left: R.,,, he; and k=hyy/ hep. For
smaller cavity chamber dimensions, electrodes should be as thin as possible. For lower
losses, electrodes should be thick and the inclination should be increased. The optimal
value can be found as a compromise between losses and dimensions as shown in Fig. 8.
Although the final diameter of the tank (1.7 m) is much smaller than the diameter of
IH-resonator, it is still too large for practical realization [23].

Finally, we considered quarter-wave resonators (QWR), shown in Fig. 9, which are
used for low-beta SRF accelerators due to their simplicity and the fact that the resonant

Ih’velfa

:t helz

Fig. 7 3D (left) and schematic (right) models of split-coaxial resonator
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Fig. 8 RF losses in SCR as a function of electrode parameters for 20.125 MHz frequency
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frequency scales with the length of the inner conductor. Also, due to the fact that
TEM-class waveguides do not have a cut-off frequency for the fundamental mode, the
QWR diameter can be chosen to be very compact, limited only by the power handling
capability.

From the mechanical point of view, QWRs can use out of vacuum kinematics on the
top plate of the coaxial cavity for alignment and have easier access for plate alignment
verification. The centrally located stem is good for weight distribution. On the other
hand, the upper plate assembly can be challenging in-situ, the tapered ‘tee’ weldment is
difficult to keep perpendicular and there is less room for tuners and couplers.

We also considered a double QWR (DQWR) option for the RF fragment separator.
DQWR resembles a half-wave resonator (HWR), but unlike HWR, the phase of DQWR
is push-pull rather than push-push. In general, in comparison to the QWR, DQWR op-
tion has a better field symmetry and lower RF losses, since for 300 kV RF amplitude the
individual electrodes operate as 0/300kV in the QWR case and — 150/+ 150kV in the
DQWR case. Intrinsically the DQWR would then operate at lower RF power by about

-

Fig. 9 Schematic model of single QWR (left) and preliminary 3D model of double QWR (right)
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a factor of 2 if no other changes were required. However, DQWR has twice larger verti-
cal dimensions and requires shape optimization in order to fit into the FRIB beamline.
For example, by reducing the length of the bottom coaxial by 27%, the RF losses are in-
creased by 38%. Such a cavity can use vacuum kinematics on both plates for alignment.
The centrally located stem is good for weight distribution, and this stem can also be
used to feed internal cooling.

The most important QWR parameters to optimize are the radii of the inner and outer

conductors (R, and R;). Their ratio defines the line impedance Z = VTZ = \/%w

should be kept higher to decrease losses. The frequency is defined by the length of the co-
axial line (/;.). By increasing the impedance, it is possible to decrease both losses and
transverse size, however, the coaxial resonator size increases exponentially. An impedance
of Z =100 Q was selected to keep the coaxial diameter below 0.5 m. RF losses can be fur-
ther reduced by tapering the inner conductor [24].

The optimal parameters for all cavity types achieved during the preliminary electro-
magnetic design are compared in Table 1. The weight, material and fabrication costs of
the tanks are obviously proportional to their diameters. In addition, buckling and cool-
ing problems also scale with the diameter. Given these considerations, we have ex-
cluded H-resonators from consideration, as unfeasible for fabrication. SCR appeared to
be an attractive solution due to low-losses, but large diameter of the tank and problems
with the electrodes bending have outweighted the benefits. Finally, choosing between
QWR and DQWR, and taking into account FRIB experience in multiphysics and mech-
anical design of CW QWRs [25, 26], we decided to proceed with the detailed design
and optimization of DQWR cavity, due to the lower losses and loss density, as well as
EM field symmetry concerns.

Design of DQWR cavity

The model of the DQWR cavity is shown in Fig. 10. The design optimization of the in-
terior shapes was done in consecutive steps. First, by adjusting the length of each verti-
cal quarter-wave coaxial resonator we tuned the frequency to the specified 20.125
MHz. Second, we verified that the peak electric field strength is within the RF break-
down limit [27], i.e. <1 Kp =6.64 MV/m at 20.125 MHz. The E-field hotspot is located
on the tips of the electrodes. It was reduced by slightly shortening the electrodes, thus
increasing the gap between the electrode tip and the front wall of the rectangular cav-
ity, as shown in Fig. 11, left. The electrodes have a small flat region due to the fabrica-
tion feasibility, since they are not solid but have an internal structure: please, refer to

Table 1 Comparison of different cavities parameters

Type Tank diameter, cm Q RF losses, kW
SCR 170 21,500 213
QWR 60/ 80° 17,500 386
DQWR 60/ 80 14,000 340
IH- 270 26,000 143
CH- 370 17,500 47.0
8H- 540 18,900 89.0

*Tank / cavity
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the Engineering Design section for more details. Finally, we reduced the RF losses by
optimizing the tapering and outer diameter of the coaxial resonator.

The final geometry has relatively narrow electrodes, which may affect the field uni-
formity. We estimated transverse field uniformity of 0.14% within the +1cm range
(four time larger than the realistic FWHM beam size of 0.5cm [20]), as shown in
Fig. 11, right, which is acceptable for fragment separation. Also, all the fragments going
through the aperture have very similar transversal emittance: they are produced by the
same fragmentation reaction and are selected by the same fragment separator with the
same geometrical acceptances.

£ 1995159+ jons with

We performed CST Particle Studio beam dynamics simulations o
100 MeV/u energy to verify the required deflection. The simulation results, shown in
Fig. 12, demonstrate that with 300 kV voltage between electrodes, the beam deflection
is 13.6 mm, which is larger than the required deflection of 13 mm. The corresponding
simulated transverse angle is 8.8 mrad, larger than the required angle of 8.6 mrad.
These results verify the feasibility of the RF design, assuming a realistic beam spot size
of 5 mm (FWHM).

The results of the sensitivity analysis are presented in Table 2. For the anticipated
average tolerance for each dimension of 1 mm, the expected frequency deviation is esti-
mated to be +40 kHz. The Lorentz detuning [28] is estimated to be withtin 700 Hz, ac-
cording to CST simulations. We designed a tuning mechanism for the DQWR cavity.
Coarse tuning of the cavity will be performed by a sliding panel tuner, shown in Fig. 13,

@925.4mm

3076.2mm
— 67455mm

= 2275.16mm
252Tmm

Fig. 10 Cross-section of the DQWR model with the main dimensions
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Fig. 11 Electric field distribution at the electrode tip, simulated in CST Microwave Studio (left), 6.51 MV/m
corresponds to 0.98 Kp, and along the coordinate orthogonal to the deflection plane (right) at the center of
the electrode (black) and near the electrode tip (red) to show field uniformity. The position of the latter
path is defined, according to dashed line in the right figure, simulated in CST Particle Studio

right, which allows tuning sensitivity of ~30kHz/cm. For dynamic tuning to cover
thermal expansion effects, we considered using a slug tuner, similar to those for the
ATLAS RFQ [29], on the opposing arm, as shown in Fig. 13, left. The resulting sensitiv-
ity of ~ 1.6 kHz/cm per tuner for the full movement range, providing a + 6 kHz range.
We also completed the design of the RF coupler. We chose a modified version of the
water-cooled magnetic-loop coupler as used in the ATLAS RFQ [29]. This coupler can
operate at 60 kW power, so it is a good match for the application in the DQWR. The
electromagnetic simulations demonstrated that in order to critically couple the struc-
ture, the coupling loop length should be increased by 8 cm as shown in Fig. 14. Typic-
ally, the design coupling strength is chosen slightly above 1.0 (~ 1.1-1.2), to ensure that

the cavity is not undercoupled at any operation conditions [30].
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Fig. 12 Deflection and angle after 3 m from the entrance to the cavity as a function of particle phase,
relative to RF as simulated in CST Particle Studio
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Table 2 Frequency sensitivities to the geometrical dimensions

Dimension Sensitivity, kHz/mm
Tank diameter 17.1

Stem top diameter —64

Stem bottom diameter 153

Electrode length -85

Tank length -7.7

Electrode width -24.0

Gap width 17.1

Engineering design

Advanced conceptual engineering design was performed on the DQWR to ensure
manufacturability, baseline structural robustness and to verify the required RF sensitiv-
ities are within cavity manufacturing tolerances. The DQWR efforts can be broken into
3 separate sub-systems: the electrodes/stem, the main chamber, and coupling/tuning
sub-assemblies.

The baseline electrode/stem assembly was addressed by first ensuring adequate stiff-
ness along the electrode longitudinal extent in the fully annealed state. As can be seen
in Fig. 15, the electrodes demonstrated nearly 0.5 mm of deflection at the furthest ex-
tents purely under a weight load. This was mitigated through the addition of a gusset
reducing this deflection to <120 um. The next feature set addressed in the design was
the water cooling required to cool the electrodes and stems. By utilizing an inner/outer
concentric tube concept to introduce water down the stem and into the electrodes, a
significant amount of cooling capacity was obtained, while not sacrificing the structural
integrity of the sub-assembly. The introduction of cooling into the electrode will neces-
sitate a water to vacuum braze joint, which is designed with both lap and shear joints
for strength and hermetic redundancy. However, there are examples [31, 32] of the op-
erational structures with such brazing, and we believe that it won’t cause any problems
in this particular design.

The cavity will be constructed from 304 stainless steel (SS) and copper-plated after-
wards. The cavity will be split into 4 major weldments and constructed as a central
rectangular chamber with cylinders on the top and bottom. Vacuum seals are accom-
plished with Viton O-rings and RF contact is accomplished with Balseal canted coil RF
springs. Significant efforts were placed on designing the central box while keeping the
deflections from vacuum forces and gravity < 0.5 mm and the stresses below the yield
for 304SS. As shown in Fig. 16, the deformations were < 0.4 mm and stresses a factor of

RF coupler

Fig. 13 Slug tuner (left) and sliding plate tuner (right)
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Fig. 14 Magnetic RF coupler attached to the DQWR (left) and simulated coupling strength as a function of
the loop length increase (right)

3 below the yield. The upper and lower cylindrical chambers required no rib features
for structural stability; however, some features have been included in the outer wall of
the vacuum chamber to assist in flow dynamics around the cooling jackets.

Next, preliminary modal analysis was performed to identify regions where simple fea-
tures could stiffen the chamber. As a starting point, the tank was held at the four sup-
port points. We assumed a completely rigid support system and only examined the
resonant modes of the device itself. These iterations ultimately resulted in a chamber
with no vibrational modes below 40 Hz, a generally acceptable result as high-frequency
modes dissipate sooner in building foundations. Therefore the amplitudes of these exci-
tations are smaller at higher frequencies and thus less likely to affect the structure.
However, further efforts prior to fabrication are required to take into consideration a
realistic kinematic stand, in order to minimize the high-amplitude coupled modes

Deflection, microns

g ) 485

Deflection, microns

HE S

0 120

Fig. 15 Electrode assembly evolution; starting point with ~.5 mm deflection (top) and final support gusset
to reduce deflection to ~ 120 um (bottom) as simulated in SolidWorks
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between the cavity and the stands and consider any frequency mapping of the proposed
installation site to ensure modal stability. We have also performed the preliminary ther-
mal analysis of the cavity with different cooling options in CST Multiphysics Studio.
Figure 17 presents the model, used for simulations with the assumed thermal boundary
conditions. The heat transfer coefficient was calculated in ANSYS CFX, considering 50
l/m water flow rate as shown in Fig. 18. The simulation results demonstrate that the
structure can be effectively cooled by using three cooling circuits: inner electrode cool-
ing channels, water jacket around the coaxial resonator, and cooling tubes on the vac-
uum chamber.

Results and discussion

We have designed an efficient fragment separator for high energy secondary radioactive
beams, including the electromagnetic and engineering design of the cavity. We opti-
mized the cavity to minimize the power requirements, its cost and dimensions. All as-
pects of the cavity performance were verified through multiphysics computer
simulations. The optimized design offers several attractive features:

e The use of two coaxial resonators allows high voltage operation with reasonable RF
power while reducing the vacuum chamber dimensions to an acceptable level for
fabrication feasibility;

e The higher impedance of QWRs and the smaller dimension of the coaxial line
reduce the required power and made the design more compact;

e Optimized electrode shape allows high voltage operations with peak fields under 1
Kp, provides good structural stability;

e DPower coupler optimization allows operation with only a single coupler;

o Tuning mechanisms allow precise tuning of the cavity over a wide frequency range;

o The cooling system allows thermal and frequency stability of the cavity;

Deflection, microns Von Mises Stress, MPa

Il T B NS .

0 400 0 66.0

Fig. 16 Deformation (left) and VonMises stress (right) results of simulations on the cavity engineering
model demonstrating < 0.5 mm wall deformation and no major yield issues as simulated in SolidWorks
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Fig. 17 Temperature map of the DQWR separator cavity under full RF power load as simulated in CST
Multiphysics Studio

In addition to the direct application to FRIB, the technology developed in this project
can be applied to other heavy-ion machines. RF fragment separators are also of interest
for mass-spectrometry as they can provide very precise isotope separation for security,
defense, and environmental applications.

Conclusion

In this work we have demonstrated the feasibility of RF cavity design for FRIB radio-
active isotopes separation and estimated the required and actual parameters of the RF
cavity. This work will serve as a ground for the future prototype fabrication and will
initiate the design of other related subcomponents such as RF chopper.

Fig. 18 Internal geometry of electrode cooling channels (left) and simulated heat transfer coefficient map
inside the cooling channels for 50 I/s water flow (right) as simulated in ANSYS CFX
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