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Abstract

FECR or the First 4" generation ECR (Electron Cyclo-
tron Resonance) ion source is under development at Insti-
tute of Modern Physics (IMP) since 2015. This ion source
is aiming to extract intense highly charged heavy ion
beams in the order of 1 emA from the dense plasma heated
with 45 GHz microwave power. To provide effective mag-
netic confinement to the 45 GHz ECR plasma, a state of
the art NbsSn magnet with min-B configuration is a
straightforward technical path. As there are no much prec-
edent references, it has to be designed, prototyped at IMP
through in-house development. Meanwhile, other physics
and technical challenges to a 4™ generation ECR ion source
are also tackled at IMP to find feasible solutions. This pa-
per will give a brief review of the critical issues in the de-
velopment of FECR ion source. A detailed report on the
status of FECR prototype magnet development will be pre-
sented.

INTRODUCTION

Heavy ion accelerators are the most powerful tools in
modern nuclear physics research. Driven by the needs of
large scale heavy ion accelerators, such as FRIB at MSU,
RIBF in RIKEN, HIRFL at IMP and so on, ECR ion
sources have been continuously supported and improved.
The recently started national basic science research project
called HIAF or High Intensity heavy ion Accelerator Facil-
ity in Huizhou [1], which is composed by high perfor-
mance superconducting ECR ion sources, SRF (Supercon-
ducting Radio Frequency) linac, BRing (Booster synchro-
tron Ring), HFRS (High energy FRagment Separator) and
SRing (Spectrometer synchrotron Ring), will accelerate
and accumulate 1X 10" ppp U*** of 800 MeV/u in BRing
(Fig. 1). For this goal, the injector linac iLinac needs to de-
liver U*** beam with a beam intensity of ~1 emA at the en-
ergy of 17 MeV/u. Consequently, the room temperature
front end part will be able to produce and deliver high in-
tensity U**" beams. A 70% efficiency is estimated to
transport the intense U3* with high quality to iLinac, and
as a result ~40 puA U is literally needed for routine op-
eration if the peak performance of HIAF is desired. Given
some margin, the ion source should be able to produce
50 ppA U*** when fully optimized to guarantee the routine
operation performance.
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Figure 1: Schematic layout of HIAF.

Modern ECR ion sources with the 3™ generation sources
as the iconic machines have been built since 20 years ago.
Heated by the microwave of 24~28 GHz and 10 kW max-
imum power, these sources such as VENUS in LBNL,
SCECRIS in RIKEN, SuSI at MSU, SECRAL at IMP and
so on, can produce (or potentially) U** ion beams of the
intensity 10~15 ppA which is more than 10 times the re-
codes set 20 years ago. But to meet the needs of HIAF, the
performance still needs to be boosted by a factor of 3~4.
As ECR ion source development is mainly governed by the
scaling of I, & wZ.,, the straightforward technical path is
to develop a 4™ generation machine. FECR ion source,
which is one of the key components of the LEAF (Low En-
ergy heavy ion Accelerator Facility) project [2], will proto-
type the first 4" generation ECR ion source in the world.

FECR

The 4" generation ECR ion source concept was pro-
posed more than 10 years [3] when several 3™ generation
ECR ion sources had been constructed but seemed to be
saturated in performance, which was still not up to the re-
quirements of next generation heavy ion accelerators.
FECR ion source is one of the next generation ECR ion
sources following the 4™ generation concept, which is aim-
ing to be operated the microwave frequency of 45 GHz that
can fundamentally increase the ECR plasma density by a
factor of 2~3. Table 1 gives the typical design features of
FECR. As is mentioned in the table, with the increase of
the microwave frequency, the key parameters of the ion
source in comparison with a 3™ generation ECR have been
obviously changed, which will give the challenges and dif-
ficulties in ion source development.
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Table 1: Typical Design Features of FECR

Spec. Unit FECR 34 G ECR
f GHz 45 24/28
RF power kW =20 ~10
Chamber ID mm >(140 ?100~150
Mirror Fields T 6.4/3.5 ~4/2.8
Brad T 32 1.8~2.2
Lumirror mm 500 420~500
Bmax in conductor T ~11.8 ~7
Conductor / NbsSn NbTi
Ts keV 80~100 50~60
(N€)erit cm’ ~2.6X10"3 ~1X1013
Max. drain mA ~50 ~20
CHALLENGES

To make an operational 45 GHz ECR ion source, FECR
has many challenges. As given in Table 1, the key parame-
ters of the ion source will have obvious changes, which
might give fundamental impact to the ion source structure
or operation conditions. The main expected challenges are
given in the following discussions.

Nb3Sn Magnet

Sextupole Coil Production. A wind and react approach is
used in the fabrication of the FECR coils. There are many
successful examples of high field solenoids with Nbs;Sn
wire, but in terms of sextupole, no much successful infor-
mation could be the references. The main challenges lie in
the precise winding of more than 800 turns single strand in
a saddle-like configuration. To have high standard electri-
cal insulation (3~5 kV) of the coil, no damage in the
S-glass braided material is allowed during the winding. Af-
ter successful winding, winded coil will be sent to a pro-
grammable oven for heat treatment where the wire will turn
into Nb3Sn conductor. To achieve high quality of electrical
insulation and also high RRR value of the superconductor,
decarbonization process is mandatory. Finally, the coil will
be put in a tooling for Vacuum Pressure Impregnation
(VP]) to form the final configuration and more importantly
to strengthen the coil and improve the electrical insulation
property. To meet the needs of precise installation with
bladder and key technology, the 860 mm length sextupole
coils should be eventually prepared within a tolerance of
+100 um.

Cold Mass Structure. There will be complicated forces
between the coils. For a 3 generation ECR ion source, it
has already been a big challenge. For FECR, this interac-
tion forces will be more than doubled. Efficient pretension
and clamping of all the coils will be the highest priority in
the structure design. FECR cold mass design also adopted
the state-of-the-art bladder and key technique. The explo-
sive view of FECR cold mass is given in Fig. 2.

Quench Protection. FECR will have totally ~1.6 MJ
stored energy at 100% energized currents. Fast and safe ex-
traction of the stored energy when the magnet quenches is
crucial. However, compared to NbTi, Nb3Sn has much
slower quench propagation speed that makes fast quench
detection and energy extraction more stringent. Passive
quench protection widely used on 3™ generation devices is
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not suitable to FECR. Figure 3 gives the hot-spot tempera-
ture for one of the FECR coils. Active quench protection
system adaptable to FECR should be developed.

AXIAL ROD: 7
(Strain Gauged) /

Bladder & Keys assembly

YOKE-SHELL

ALIGNMENT PINS Q

YOKES

MASTER-KEY
PLATES

SOLENOID

STRUCTUR

E
SUBASSEM
COIL-PACK BLY

SUBASSEMBLY

AXIAL-LOAD
END PLATE
SUBASSEMBLYS

COIL END
BLOCKS

SHELL-YOKE
SUBASSEMBLY
(Shell is strain gauged)

LOAD-KEYS
BLADDER
SUBASSEMBLY

\ COLLARS
& & SEXTUPOLE

COILS

Figure 2: FECR cold mass structure.
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Figure 3: Hot-spot temperature estimation with passive
quench protection scheme for one injection solenoid.

Cryogenic System. FECR has a 3.5 tons cold mass.
To accommodate it and make it work safely at 4.3 K (liquid
helium temperature), many issues should be handled.
Radial field homogeneity is very essential for a high per-
formance ECR ion source. Misalignment of the cold mass
will possibly cause thermal shortage inside the cryostat,
and more importantly, the inhomogeneous radial field on
the plasma chamber wall will result in much weaker total
magnetic field and consequently much heavier localized
heating by plasma flux leakage. Additionally, for efficient
energy extraction, active quench protection will use
0.5~2.0 Q dump resistor which will excite high voltages in
the coil circuits. For FECR, a highest voltage of ~1 kV will
be seen during the quench energy extraction at 100% de-
sign currents [4], which needs a very robust solution to the
electrical insulation in the cryostat design and fabrication.
Last but not least, much more dynamic heat load is ex-
pected to be dumped to the cold mass, and high dynamic
cooling capacity is needed at 4.2 K to avoid the loss of boil-
ing-off liquid helium.
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Conventional ECR Parts

20 kW/45 GHz Microwave Coupling. As 45 GHz micro-
wave has a wave length of ~6.7 mm, transmission and cou-
pling of high power microwave to ECR plasma may have
the potential risk of arcing inside the circular waveguide.
Quasi-optical transmission in air from the generator to the
microwave window, and then converted to oversized wave-
guide after the microwave window is proposed and suc-
cessfully tested at IMP on the SECRAL-II test bench
(Fig. 4). This has basically solved the problem of high
power transmission and coupling to ECR ion source. How-
ever, the efficient coupling to an ECR plasma in terms of
highly charged ion production remains unclear, which
needs the real test with FECR. Additionally, in recently
years several laboratories have demonstrated that multi-
frequency heating is essential to stabilize the plasma when
the ion source is fed with high power microwave for highly
charged ion beam production. For FECR, it is still hard to
make a choice in the auxiliary plasma heating frequency.
As abaseline, 45 GHz/20 kW + 28 GHz/10 kW will be ap-
plied.

Figure 4: SECRAL-II test bench with 45 GHz microwave
coupling system.

Reliability and Stability at 20 kW/45 GHz. Once high
power density plasma is built, there will be many chal-
lenges. The critical one is the efficient plasma chamber
cooling. Many laboratories had the experience of damaged
plasma chambers by localized overheating of escaped
plasma flux. According to the estimation by T. Thuillier in
his paper [5], the peak power sink on the inner wall of
plasma chamber can reach to 1.25 MW/cm? for 1 kW
28 GHz microwave heating that will cause instant boiling
of the cooling water at the weak |B| area on the plasma
chamber at high power level. Created bubbles will prevent
further cooling with flowing water and plasma chamber
damage will happen when chamber material starts to de-
grade at high temperature. Normally, this damage is an in-
stant process once the heated microwave power reaches the
critical value of the chamber (magnetic field configuration,
plasma stability also have influences). At 45 GHz, we
might face much higher plasma flux density for every kW
microwave power launched. Most of the existing plasma
chamber can barely take long-time operation at the power
level of 10 kW. It is a big challenge for FECR to work at
20 kW/45 GHz.

Strong Bremsstrahlung Radiation. Strong bremsstrah-
lung radiation is an iconic characteristic of highly charged
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ECR ion source, which is an evidence of the existence of
energetic electrons inside the plasma. For superconducting
ECR ion source, this radiation will give additional heat
sink to the cryogenic system as mentioned in the former
section. This radiation will also cause the degradation of
electrical insulators. High voltage (HV) main insulators
have been damaged with many 2" or 3™ generation ion
sources. More energetic and dense electrons will be created
inside FECR plasma, and the damage to the main insulator
column will be devastating. Another possible risk is the ra-
diation to the NbsSn coils. As Nb3Sn coils have strict re-
quirement on electrical insulation property. Any degrada-
tion in the epoxy insulation will affect the performance and
even the normal operation of the coils.

Intense Beam Extraction. 3™ generation ECR sources
have produced highly charged beams with a total current
of 15~20 emA that is 2~3 times the total current from a
high performance 2" generation ECR ion source. FECR is
expected to be able to extract 30~50 emA total beam that
will raise the challenges in beam extraction, transport and
quality control.

Intense Refractory Ion Beam Production. Intense ura-
nium beam is highly desired in most of the heavy ion ac-
celerator laboratories. High temperature oven remains the
baseline solution to highly charged intense uranium beam
production, despite the sputtering method has also been re-
garded as an efficient technology in the production of 100
epA U, As metal uranium is chemically reactive to most
crucible materials, UO, is favoured for oven application,
which needs ~2000°C for intense beam production. At such
a high temperature, Lorentz forces, material degradation
(or chemical reaction), and thermal stress constitute the
challenges in high temperature oven technique. Other than
uranium beams, intense beam production of Th, W, Mo,
Ca, and so on is also of high challenge with regards to pro-
duction efficiency and high charge state.

STATUS REPORT

Many research activities oriented to the afore mentioned
challenges have been made. In this paper, several typical
processes are presented.

FECR Prototype Cold Mass

To validate the cold mass design of FECR, a 1/2 length
prototype has been proposed and developed [5]. This pro-
totype is mainly composed by 6 sextupole coils and 2 axial
solenoids, which can demonstrate the Nb3Sn coil fabrica-
tion technique, cold mass structure, quench protection and
cold mass integration technologies. By the end of August
2020, the prototype cold mass has been developed and re-
cently tested for the 1 round. The prepared prototype cold
mass is shown in Fig. 5. In the cold test, we energized the
solenoid and sextupole individually. The solenoid was en-
ergized to 100 % design current of 600 A without a quench,
and the sextupole was energized to 90% design current of
671 A without a quench. But during the training study, we
found flux jump signal interference and the power supply
stability are problems for stable operation and fast, accu-
rate quench detection.
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Figure 5: Picture of completed FECR
cold mass ready for test.

Cryogenic System

An engineering design of the FECR cryogenic system
has been made recently based on the final structure design
of the cold mass. This cryogenic system will provide the
LHe operation condition for the 3.5 tons cold mass. Cold
alignment with the assistance of on-line field mapping is
enabled in the cryostat design. The typical features of
FECR cryogenic system is given in Table 2. The choice of
the cryocoolers is specified. As given in Table 3, a combi-
nation of 1 CH-110 and 3 RDE-418D4 coolers from Sumi-
tomo Inc., and 3 KDE422 coolers from CSIC Pride (Nan-
jing) Cryogenic Technology Co., Ltd. has been adopted.

Table 2: Cryogenic System Parameters of FECR

Parameters Value
Operation Temp. (K) 43
Magnet Cooling LHe bathing
Stored Energy (MJ) ~1.6
Required dynamic >12
cooling capacity (W)
Warm bore ID (mm) 3162
LHe volume (liter) ~330
Dimension (mm) L1456x@1200xH2690
Total weight (ton) ~6.1

Table 3: Cryocoolers for FECR

Model 1t Stage 2" Stage
CH-110 ~130 W@50 K N/A
KDE-422 ~20 W@50 K >22 W@4.2 K
RDE-418D4 ~42 W@50 K >1.8 Ww4.2K
Total ~316 W@50 K >12 W@4.2 K
High Power Operation

Traditional double-wall water cooling aluminium
plasma chamber can only safely work at the ECRH micro-
wave power level of 7~8 kW of 24~28 GHz. A recent
breakthrough in plasma chamber design by utilizing a mi-
crochannel technology can fundamentally improve the
cooling capacity of the plasma chamber. In the recent
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online test, a total power of 11 kW has been fed into the
newly developed plasma chamber installed on SECRAL-
I1. After 48 hours continuous 11 kW operation, the plasma
chamber survived and stable highly charged ion beams are
also produced, such as >100 epA Xe***. This can’t guaran-
tee the safe operation at 20 kW/45 GHz, but is a good base-
line for the FECR ion source plasma chamber design.

High Temperature Oven

Enlighted by the successful inductive heating oven
(IHO) developed at MSU for the reliable operation under
1800°C, a refined IHO has been recently developed at IMP.
With several modifications in the oven structure and mate-
rial design, this oven can work stably up to 2000°C. Re-
cently, this oven has been used to produce intense uranium
beams. At 6 kW/24 GHz, 450 epA U3*" was produced and
more importantly the oven survived the one-week high
temperature operation [6], which gave us confidence in de-
veloping reliable high temperature oven for FECR.

Dynamic Heat Load
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Figure 6: Estimated dynamic heat load to the 4.3 K cryo-
genic system at different operation Bumin.

Dynamic heat load to the 4.2 K cryogenic system is
mainly caused by the high energy electron bremsstrahlung
radiation as most of the existing 3™ generation ECR ion
sources have used 1~2 mm Ta shielding that could easily
prevent the X-ray of <200 keV from penetration to the cry-
ogenic system. The experimental results from SECRAL-II
indicate the dynamic heat load could reach 0.6~1.0 W/kW
at 24~28 GHz when B, was set in the range of 0.6~0.7 T,
~0.7 of Ber. It has been accepted by the community that
high temperature electron spectra temperature T increases
linearly with Bumin before the cyclotron instability is trig-
gered at Buin/Becr~0.8. For FECR, it will be operated at the
Bmin 0of 0.9~1.1 T. As illustrated in Fig. 6, 1~2 W/kW dy-
namic heat load is predicted for FECR which means the
cryogenic system will have a total dynamic heat load of
20~40 W during CW operation, which is much beyond the
~12 W design value. Before we can find better solutions,
one compromised plan is to lower the operation duty factor
by pulsing the microwave power when > 10 kW operation
is desired.
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SUMMARY

FECR project was officially started in 2015. After
5 years continuous development, we have tackled most of
the envisioned challenges. Most of them have got funda-
mental progresses recently, but there are still many open
questions. To develop an operational FECR ion source,
there are still many challenges ahead. According to the up-
dated project plan, FECR assembly is about to be ready in
2021. That will be time to check the feasibility and relia-
bility of our designs towards a high performance 45 GHz
ECR ion source.
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