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A new project, high intensity heavy ion accelerator facility (HIAF), is currently under design and
construction in China. The HIAF front end, composed of electron cyclotron resonance (ECR) ion sources,
low energy beam transport (LEBT) and radio frequency quadrupole (RFQ), will produce and provide
beams of ions with a mass up to uranium at a beam energy of 0.5 MeV=u. The typical beam intensity is
designed up to 2 emA for the uranium beam with a charge state of 35þ. This paper presents an overall
design of the front end for HIAF and discusses several key issues in the design. By modeling the beam
extraction from the ECR source, we got a reliable starting beam condition to perform the design. Transverse
coupling of the beam from the source was elaborated. To relieve the coupling we implanted two solenoids
after the source. Space charge effect in the charge state selection of the ion source was evaluated. An overall
space charge compensation degree of no less than 70% was predicted. A beam dynamics simulation was
performed by using the initial particle distribution obtained from the extraction modeling. The simulation
resulted in development of a beam collimation system in the LEBT to confine the transverse emittance.
The RFQ design will follow the development of LEAF-RFQ at Institute of Modern Physics, which has
successfully commissioned with several beams and demonstrated as an excellent design. Recent beam
commissioning results of LEAF-RFQ will also be presented in this paper.
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I. INTRODUCTION

As shown in Fig. 1, the heavy ion accelerator facility
(HIAF) project [1,2] consists of ion sources, linear accel-
erator, synchrotrons and several experimental terminals.
The superconducting electron cyclotron resonance (ECR)
source is used to provide highly charged ion beams, and a
2.45 GHz proton source is used to provide H3

þ beam. The
superconducting ion linac accelerator (iLinac) is designed
to accelerate ions with the charge-mass ratio Q=A ¼ 1=6.8
(e.g., 238U35þ) to the energy of 17 MeV=u. Ions provided
by iLinac will be cooled, accumulated and accelerated to
the required intensity and energy (up to 1 × 1011 ppp and
800 MeV=u of 238U35þ) in the booster ring (BRing), then
fast extracted and transferred either to the external targets
or the spectrometer ring (SRing). It is also planned to
equip BRing with a slow extraction system for a wide range
of applied research in biology and material science. As a
key part of the HIAF complex, SRing is designed as a

multifunction experimental storage ring. A time-of-flight
detector system will be installed for nuclei mass measure-
ments with isochronous mode. Highly purified radioactive
beams can be extracted from SRing for nuclear physics
experiments.
The iLinac could have three operation modes. The first is

to use the iLinac as an independent machine, operating at
cw mode and providing cw beams to the iLinac terminal for
experiments. The second mode is to use the iLinac only for
injection into BRing. Since BRing requires pulsed beam
with frequency from 0.3 to 5 Hz and pulse width from 0.2
to 2 ms, iLinac would also operate with pulsed mode. In
this mode, the ECR source could work at afterglow mode to
produce much higher peak currents, such as 2 emA 209Bi31þ

and 2 emA 238U35þ. The third mode is called parallel mode,
meaning iLinac would accelerate two beams simultane-
ously with one beam extracted to the experimental terminal
of iLinac, and the other injected to BRing. Two ion sources
could provide beams with similar charge to mass ratios
simultaneously. Beam switching and time structure modu-
lation could be operated by the low energy beam transport
(LEBT) lines.
This paper focuses on the room-temperature front end of

HIAF and presents an overall design. Key base and issues
in the design, especially for the intense heavy ion beam
transmission and acceleration, were discussed. The paper
mainly consists of three parts. In the first part, we will
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discuss the ion beam extraction from the ECR source and
multispecies beam analyzing. The second part is focused
on the beam transmission in the LEBT, and the third part
is about the radio frequency quadrupole (RFQ) design and
beam commissioning.

II. HIAF FRONT END

The HIAF front end includes three ion sources, LEBT
lines and a cw RFQ, as shown in Fig. 2. SECRAL [3], one
of the best performing third generation superconducting
ECR sources, can be one of the operational ion sources for

HIAF operation. 45 GHz FECR [4] (first fourth generation
ECR ion source), which is being developed at Institute of
Modern Physics (IMP), will meet the HIAF requirement
for high intensity of those heavy ion beams. A 2.45 GHz
proton source can be employed to supply H3

þ beam. The
main goal of the LEBT line is to separate efficiently the
different masses and charge states coming from the source
and deliver the selected beam to the RFQ. Each ion source
has its associated LEBT line and the lines merge into one
connecting with the RFQ. A similar structure can be found
in Spiral-2 [5] at GANIL and FRIB [6] at MSU. After each
charge selection section of the sources, a set of diagnostic

FIG. 2. HIAF Front end layout.

FIG. 1. An overview of the HIAF complex.
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devices, including two Allison-type emittance meters, a
Faraday cup and a fluorescent target, are available. Each
ion source associated line equips with an electrostatic
chopper, which provides a possibility for beam switching
and pulse length controlling while the iLinac operates at
parallel mode. The LEBT systems are achromatic, designed
to minimize the horizontal emittance growth induced by
the beam energy spread from the source while transporting
through the analyzing magnets. Two 90° dipoles are used
with six magnetic quadrupoles between them to build an
achromat and control the beam size. Due to the required
beam energy of 14 keV=u by the RFQ, heavy ion 238U35þ,
for example, needs to be accelerated with a 95.2 kV high
voltage (HV). However, the extraction voltage of the ion
source is typically below 50 kV limited by sparking risk,
therefore two 100 kV accelerating tubes will be employed
in the SECRAL and FECR associated lines respectively to
reach the required energy of the RFQ and all upstream
elements will be put on the HV platforms. Another
chopper is used before RFQ especially for quick machine
protection. To reduce beam losses in the RFQ and
superconducting linac, the beam is collimated by three
apertures in the LEBT. Before the collimation channel a
pepper-pot emittance meter [7] is located for fast emit-
tance measurement. The direct-current beam is bunched
before injection into the RFQ by a multiharmonic buncher
(MHB). Another set of diagnostic devices (two Allison
scanners, a Faraday cup and a fluorescent target) are
placed just after the MHB and share a chamber with the
MHB. The transverse focusing element before the RFQ
is a so-called paired-solenoid (PSN), which is composed
of two combined coils, producing opposite-polarity mag-
netic fields. The PSN does not give rise to a correlation
between horizontal and vertical directions, avoiding
emittance growth. More details about the PSN can be
found in [8]. The RFQ will utilize a four-vane structure at
a frequency of 81.25 MHz to accelerate heavy ion beams
with charge states charge-to-mass ratio (Q=A) between
1=7 and 1=3 from 14 keV=u to 0.5 MeV=u.

III. ION BEAM EXTRACTION AND ANALYZING

A. Beam extraction from ECRIS

A total current of more than 20 emA is expected to
be extracted from the superconducting ECR ion source.

Therefore, the ion source extraction voltage is designed to
be biased up to 50 kV to reduce the space charge effect. An
on-line movable four-electrode system (includes a plasma
electrode, a midelectrode, a suppression electrode and a
grounded electrode) will be adopted so that the plasma
meniscus shape and initial beam formation can be optimized
by adjusting the distance between the plasma electrode and
the midelectrode. Extraction simulations are necessary
because it is essential for performing beam simulation to
have a reasonable starting beam condition from the source.
Besides, the optimization of the beam extraction itself has
the potential to yield performance improvement. IBSimu [9]
code was used to model the extraction of FECR since it
provides good capabilities to simulate multispecies extrac-
tion from plasma in the presence of strong magnetic fields
and space charge, conditions which are closely associated
with ECR ion sources. Although the nonlinear positive
plasma model used by the code considerably simplifies
the complex ECR ion source plasma conditions, previous
studies have shown that IBSimu is a powerful tool inmodeling
ECR ion source extraction systems [10,11].
Simulations were conducted for uranium beam extrac-

tion from FECR. The initial ion species were assumed
to have a similar distribution with the measured charge
state distribution (CSD, presented in [12]) for the recorded
uranium beam intensity production with VENUS at LBNL
[13]. However, beam currents of each ion species were
scaled up by creating total extracted beams of 20 emA.
Ions are extracted from plasma that is modeled in a reduced
volume with assumed plasma potential of 20 V, and a
low 10 eV temperature for the cold background electron
population. A cold ion population was assumed with
longitudinal and transverse temperatures of 1 eV based
on the generally accepted order of magnitude in ECR
plasmas [10,11]. The simulated beam particles were gen-
erated inside the plasma volume with uniform radial
distribution. The 3D magnetic field map of FECR, includ-
ing the solenoid and hexapole fields, was calculated with
OPERA 3D software and included in the simulation.
Simulated particle trajectory density of multispecies ion

beam through the ion source extraction region is presented
in Fig. 3. In this simulation, the voltages applied to the
electrodes were set as 50, 23, −2 kV and 0, respectively.
The plasma meniscus has a flat shape when the distance
between the plasma electrode and midelectrode is 27.7 mm,

FIG. 3. Simulated particle trajectory density for the multispecies ion beams.
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which indicates an initially parallel beam extraction and
more uniform particle distribution in the transverse plane.
The beam profile of the U35þ ion in the transverse plane and
the phase spaces at the end of the extraction region (at 0.5 m
in Fig. 3) are shown in Fig. 4. One can see the beam
exhibits triangular shape and the ion density distribution in
the cross section is inhomogeneous. This is the signature
influence of the ECR ion source magnetic confinement
structure combining sextupole and solenoid fields [14].
The ion beam is extracted from a region of high axial

magnetic field, which adds a rotational component to the
beam, leading to emittance growth. The magnetic contri-
bution to the projection normalized rms emittance (in π mm
mrad) [15] can be given by

εmag ¼ 0.032 · ðRextrÞ2 ·
�
Bextr

M=Q

�
; ð1Þ

where Rextr [mm] is the radius of the effective extraction
aperture and M=Q the ion mass-to-charge ratio and
Bextr [T] the maximum magnetic field at the extraction
region. This equation indicates the beam emittance is
proportional to the extraction field strength with the same
effective extraction aperture. For FECR, Bextr will be up to
3.5 T when it operates at the microwave frequency of

45 GHz, which will induce a very large beam emittance
from extraction. Calculated projection emittances for U35þ
by IBSimu are of 0.32πmmmrad in both directions.
To verify the reliability of the extraction simulation,

modeling for SECRAL-II [3] source extraction was con-
ducted and a comparison between the simulation and
experiment was made. As an example, Fig. 5 presents a
comparison between the simulated beam profile (mixed Ar
beam) and the observed beam fluorescence on a KBr target
at the location of the extraction pumping chamber. Due to
the starting conditions of the ions in the ECR plasma and
overfocusing of higher charge states [10,11,14], the beams
present the triangular and hollow shapes on the target.
Although the simulated beam particles originate from the
plasma volume with uniform radial distribution, the sim-
ulation predicts self-consistently the triangular and hollow
beam structures as observed experimentally. Further com-
parison was made between the measured and simulated
particle distributions in the phase spaces after the charge
state selection (CSS, as shown in Fig. 2, from ion source
exit to the charge selecting slit), illustrated in Fig. 6. Ar9þ
beam was selected as the objective ion. The measurements
indicated that the emittances were of 0.32πmmmrad in the
horizontal and 0.26πmmmrad in the vertical, respectively.
The simulations, in which the initial particle distribution

FIG. 4. U35þ beam profile in transverse plane and the phase spaces.

FIG. 5. Beam profile comparison between measurement (left) and simulation (right).
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was obtained from the extraction simulation, showed
emittance of 0.31πmmmrad in the horizontal and
0.27πmmmrad in the vertical. Good agreements between
the simulations and measurements indicate the extraction
simulation could provide a reliable initial beam distribution
for further beam transport simulation and beam line design.

B. Transverse coupling of the beam from ECR

Both experiments and simulations have proven the
transverse coupling property of the beam from ECR ion
sources [16–17]. The plasma electrode of an ECR ion
source is generally located in the vicinity of a local
magnetic field maximum, leading to extraction of ions
from a strong magnetic field and subsequent beam for-
mation in the descending axial magnetic field (half-
solenoid field). Two types of transverse coupling are
created during beam extraction. One is due to the half-
solenoid field adding an azimuthal momentum to the beam,
resulting in projection emittance growth. This type of
coupling cannot be removed unless in an opposite mag-
netic field of the same the particles experienced while they
were extracted. The second type can be attributed to the
rotation effect on the beam induced by either a half-
solenoid field or a whole-solenoid field. As illustrated in
the extraction simulation and observed in the experiment,

ion density distribution in the cross section from the
ECR source is typically inhomogeneous and presents a
“non-round” beam. Therefore, beam rotation along
the axis will lead to transverse coupling. This type of
coupling has a periodical property and can be dissociated
when the rotation angle Θ ¼ n � ð1=2πÞ (where n ¼ 0;
�1;�2;�3…) [17].
Transverse coupling can be defined by having nonzero

interplane elements in the beam second moment matrix.
The projection root-mean-square (rms) emittances εx and εy
are defined by the corresponding sub-phase-space determi-
nants. Transverse coupling induces projection rms emittance
increase while with the 4D emittance ε4d is unchanged. It is
more comprehensive to describe a coupled beam by intro-
ducing two eigenemittances ε1 and ε2 [18]. ε4d keeps equal
to the product of ε1 and ε2. For an uncoupled beam εx¼ ε1,
εy ¼ ε2 and ε4d¼ ε1 �ε2¼ εx �εy. If the beam is coupled
ε4d ¼ ε1 � ε2 < εx � εy [19]. Based on the above simulation
of extraction from FECR, calculated eigenemittances ε1 ¼
0.59πmmmrad and ε2 ¼ 0.045πmmmrad. Consequently,
the 4D emittance ε4d ¼ ε1 � ε2 ¼ 0.02655 ðπmmmradÞ2.
However, the product of two projection rms emittances
εx � εy ¼ 0.1024 ðπmmmradÞ2, which is much larger than
ε4d, indicating the beam is strongly coupled.

FIG. 6. Phase space comparison between measurement (left) and simulation (right).
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As mentioned above, the second type of coupling
resulting from the beam rotation can be dissociated if
the beam rotates by a proper angle. Solenoid, which has
normally been used as a prefocusing element after the ion
source, provides a possibility to dissociate the transverse
coupling by adding an extra rotation to the beam. However,
one solenoid is insufficient to provide a proper focusing to
the beam and meanwhile dissociate the coupling, while
two solenoids will enhance the tuning flexibility. In the
HIAF-LEBT design, two solenoids were arranged between
the ion source and analyzing dipole. To verify the feasibil-
ity of beam decoupling, simulations were performed by
using the particle distribution obtained from the extraction
simulation. Figure 7 shows the simulated beam emittances
at the end of the CSS by changing the field strengths and
polarities of the two solenoids, in which the first solenoid
Sol-1 was set to �5000 Gs, and the second solenoid Sol-2
was scanned from −2200 to 2300 Gs. According to the
plot, beam emittances with BSol−1 ¼ −5000 Gs are much
lower than those with BSol−1 ¼ 5000 Gs in both horizontal
and vertical directions. In addition, the emittances change
as a function of Sol-2 field. The emittances reach minimum
while BSol−2 ¼ 2200 Gs, meaning that under such con-
ditions the transverse coupling of the beam is best relieved.
To further verify the emittance exchange effect, experi-

ments have been done on the LECR4 ion source bench [20]
at IMP. Similar with the FECR CSS, two solenoids are
placed in the mixed beam section at LECR4. Experiments
were carried out with the ion source optimized for
production of Xe20þ. By tuning the solenoid currents
and polarities, the measured beam rms emittances are
shown in Fig. 8. It should be noted that during the tests
the beam current remained unchanged. Similar variation
trends of the emittances with the simulations were
obtained. The results indicate that the beam emittances
depend upon the solenoid settings and a relatively smaller
emittance could be achieved by carefully tuning the field

strengths and polarities of the two solenoids, meanwhile,
beam focusing can also be satisfied.
Besides the emittance exchange function, studies [20]

on the LECR4 platform have also indicated that two
solenoids benefit beam matching for various species of
ion beams so that the Q=A resolution of the system can be
improved.

C. Space charge effect in the CSS

At such a high beam intensity space charge effect has
become a significant factor for beam dynamics design,
especially in the CSS where multispecies ion beam current
from the source may reach up to 20 emA. Fortunately,
space charge compensation occurs when the beam particles
interact with the residual gas molecules or bombard the
beam pipe, creating slow secondary electrons. The elec-
trons can be trapped in the beam potential and compensate
the space charge effect. However, very few experimental
measurements or numerical simulations give an evaluation
of the space charge compensation degree for low energy
highly charged heavy ion beams. Usually, a conventional
trick is to perform the simulations with different space
charge compensation factors to guarantee a robust design.
In the simulation for the CSS of FECR the initial mixed

beam was simplified to include 20 different ion species
containing uranium and oxygen (supporting gas) ions, as
shown in Fig. 9. The beam current was scaled up according
to the charge state distribution from VENUS (in Ref. [12]) so
that theU35þ beam current reached up to 2 emA, producing
a total current of 20 emA. All the ion beams are assumed
to have the same initial conditions and start with a four-
dimensional water bag model. The Twiss parameters were
obtained from the beam extraction simulation with IBSimu,
as described in the previous section, with normalized rms
emittance of 0.24πmmmrad. Beam transmission simula-
tions were carried out through the CSS for different space
charge compensation degrees, 70%, 50% and 30% with
TRACK code [21]. Figure 10 shows the simulated particle

FIG. 7. Simulated beam emittances versus both field strengths
and polarities of the two solenoids after the ion source.

FIG. 8. Measured beam emittances at LECR4.
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distribution of different charge states at the end of the CSS
line where the charge selecting slit is located under different
compensation degrees. It is obviously seen that there is a
good separation between ions with different mass-to-charge
ratios when the mean compensation factor is 70%. While
with 50% compensation the objective ion U35þ can be
barely separated out. However, serious overlap between
adjacent ion species and much more stray particles appear
in the plane when the compensation is as low as 30%.
These simulations indicate that space charge effect has
a vital impact on the beam transmission and beam line
design by increasing the beam spots in the focal plane
and reducing the momentum resolution of the CSS
system. However, the question is: how much is the com-
pensation factor?
To investigate the space charge effect and compensation

in the ECR source associated CSS line, a series of
experiments were implemented based on the measurements
of beam emittance at SECRAL and SECRAL-II ion source
benches. There are three groups of experimental data.
The first one is for optimizing 40Ar9þ beam production
with SECRAL-II. We measured the beam emittances after
the CSS both in the horizontal and the vertical planes for
beam intensity of 40Ar9þ from 0.32 to 1.75 emA, with total

beam current (drain current from source) I0 increasing from
4 to 14 emA. Figure 11(a) illustrates the dependence of the
normalized rms emittances on the beam intensities. The
second experiment was implemented by optimizing 86Kr18þ
beam in the same way, and the third one was for optimizing
209Bi31þ beam at the SECRAL source. The results are
shown in Figs. 11(b) and 11(c), respectively. In these
experiments the background pressures in the beam lines
were in a range of between 1 × 10−7 and 3 × 10−7 mbar.
All these measurements indicate that even up to a few
hundreds of eμA or higher current, there is no significant
increase of the beam emittance with the beam intensity, and
even presenting a phenomenon that beam emittance may
decrease while beam intensity increases. In other words,
beam emittance is slightly dependent on the beam intensity,
but largely depends upon the source tuning and the ECR
plasma conditions.
To further investigate the space charge compensation

degree, simulation towards SECRAL CSS was per-
formed. Figure 12 shows a measured CSD with the ion
source optimized for production of Bi31þ. Similarly to the
above simulation, 20 different ion species were used as
the initial mixed beam, as shown in Fig. 13. The beam
current of each ion was scaled up according to Fig. 12 so
that the total current is equal to the source drain current of
13 emA. Simulated particle distributions at the end of
CSS, under space charge compensation factors of 70%,
50% and 30%, are shown in Fig. 14. It is clearly observed
that the objective ion Bi31þ can just be separated from the
adjacent charge state under 70% compensation, while a
lower degree of the compensation will lead to an overlap
with adjacent ion species. However, according to Fig. 12,
a very good resolution between different charge states
was obtained because the beam current could reach zero
between neighboring current peaks. This comparison
between experiment and simulation implies that the
overall space charge compensation degree would be no
less than 70%.
In conclusion, space charge effect is not a primary reason

of beam quality degradation as expected because of good

FIG. 9. Charge state distribution of the initial mixed beam
(238U and 16O) in the simulation.

FIG. 10. Simulated particle distributions of different charge states at the end of CSS under space charge compensation degrees of 70%
(left), 50% (middle) and 30% (right).
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compensation in the ECR CSS lines. Beam quality is
mainly determined by the ion source tuning and plasma
conditions. In the CSS design of highly charged heavy ion
beams it is safe to set the overall space charge compensa-
tion factor to 70%.
The level of space charge compensation was directly

measured by using a so-called retarding field analyzer after
the analyzing magnet of SuSI ECR ion source at Michigan

State University. The measurements suggest overall low
compensation factors (0%–60%) at this location [22].
However, in the CSS the measurement is hard to do due
to the multispecies in the beam. An extended theoretical
mode [23] was introduced in their study. Based on the
theoretical mode they predicted that in the CSS the
compensation could reach a high level, which agrees with
our prediction in this paper.

FIG. 11. Measured beam emittances versus beam intensities (I0 is the total beam current from the source).

FIG. 12. CSD for bismuth and oxygen (supporting gas) ions.
FIG. 13. Charge state distribution of the initial mixed beam
(Bi and O) in the simulation.
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IV. LOW ENERGY BEAM TRANSPORT

A. Achromatic design

Design of the LEBT line is based on an achromatic
system composed of two quadrupole triplets surrounded
by two 90° dipoles. Beam optics through the LEBT is firstly
implemented by using TraceWin code [24] with matrix mode.
The 2*rms envelope and dispersion function along the
LEBT from the source exit to the RFQ entrance are shown
in Fig. 15, which shows an achromatic condition is
achieved based on a reasonable envelope distribution along
the LEBT line.

B. Multiparticle tracking simulation

Further multiparticle tracking was carried out with
TRACK code by using the initial particle distribution (shown
in Fig. 4) obtained from the extraction simulation. In this

simulation, 3D field maps were used for modeling the
magnetic elements of the beam line, except for the dipoles
which were modeled with a hard edge model. Simulated
phase space distributions after the CSS are shown in
Fig. 16. The simulations have a very similar beam profile
with the measurements at VENUS for production of 311 eμA
U34þ beam with total extraction current of 7.5 emA under
28 GHz microwave heating [25], as shown in Fig. 17. The
irregular shape of the distortions in the phase spaces could
be mainly due to the initial beam configuration from the
source, and also aberrations from the solenoid lenses and
the analyzing magnet. Thanks to the emittance exchange
effect of the two solenoids after the source the emittances
were reduced from 0.32πmmmrad to 0.27πmmmrad in
horizontal and to 0.21πmmmrad in the vertical. Even so,
the simulated emittances are much larger than those in the
measurement at VENUS where the horizontal emittance is of

FIG. 14. Simulated particle distributions at the end of CSS under space charge compensation degrees of 70% (left), 50% (middle)
and 30% (right).

FIG. 15. Simulated beam 2*rms envelope and dispersion function along the LEBT by TraceWin.
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about 0.14πmmmrad and vertical of 0.11πmmmrad. It is
reasonable because the magnetic field and beam intensity
are much stronger in FECR than those in VENUS.
Starting with the realistic particle distribution, beam

transmission through the LEBT line was implemented for
the ion current of 2 emA with 70% space charge compen-
sation, except in the acceleration tube and MHB where
space charge compensation is destroyed by the electrical
field. The beam envelope is illustrated in Fig. 18. The ion
beam is delivered by the LEBT with a moderate size of
envelope and successfully matched to the RFQ. However,
particle distributions in the phase spaces at the RFQ

entrance, as shown in Fig. 19, present a badly distorted
beam with outstretched particle “tails” beyond the boun-
dary of the RFQ acceptance (shown with the red ellipse).
The beam tails would be lost in the RFQ or even in the
downstream superconducting section. Therefore, develop-
ment of a collimation system in the LEBT is necessary.
As shown in Fig. 2, a collimation channel is designed

based on three apertures successively arranged between
two solenoids (PSN). The front PSN is used to drive the
beam to rotate in the phase space. A phase advance of
approximately 45 degrees between each aperture is needed
so that a total phase advance of 90 degrees can be produced

FIG. 16. Simulated phase-space distributions after the CSS using the initial particle distribution obtained from the extraction
simulation.

FIG. 17. Measured beam emittance of U34þ with VENUS (in Ref. [25]).

FIG. 18. TRACK simulation of the beam envelope with the realistic particle distribution.
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from the first aperture to the third aperture. Figure 20
shows the principle of phase space rotation and cutting of
the particle distribution in the two-dimensional subphase
space. To create an expected phase advance at each
aperture, the upstream quadrupoles should be tuned to
create a certain orientation of beam phase space ellipse
before the PSN.
After experiencing three successive cuts, approximately

20% of the particles are eliminated (1.6 emA is left).
Particle distribution in the phase spaces at RFQ entrance are

shown in Fig. 21. Although the beam is still distorted, most
of the beam tails are stopped by the collimators and a few
particles go beyond the RFQ acceptance. Introduction of
the collimation channel benefits the beam emittance reduc-
tion from 0.27 to 0.16πmmmrad in the horizontal and from
0.31 to 0.15πmmmrad in the vertical, respectively, indi-
cating that 20% of the beam tails contribute to more than
70% of the emittance.
Beam tuning of the LEBT line should be based on the

beam quality measurement after charge selection where

FIG. 19. Particle distributions in the phase spaces at the RFQ entrance without collimation.

FIG. 20. Principle of beam collimation.

FIG. 21. Simulated particle distributions at the RFQ entrance with collimator on.
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two Allison scanners are available. Starting with the
measured particle distribution, the subsequent simulation
with multiparticle tracking could well predict the beam
phase space profile at any location in the LEBT [26]. By
setting the magnets on the basis of simulation, beam quality
measurement before the collimation channel helps fine-
tuning of the magnets to create an expected orientation of
beam phase space ellipse so that the collimator plays its due
role. Here we use a pepper-pot device for fast emittance
measurement. Adjustment of the collimator apertures is to
achieve a high RFQ transmission efficiency with as low as
possible beam loss. After collimation cutting and before
entering the RFQ, the beam quality will be measured again
just before the last focusing PSN before the RFQ.

V. THE RFQ AND BEAM COMMISSIONING

A. LEAF-RFQ and beam commissioning

LEAF-RFQ [27–28], which has been constructed at IMP
and successfully commissioned with several beams, such as
He2þ (Q=A ¼ 1=2), C4þ (Q=A ¼ 1=3), Heþ (Q=A ¼ 1=4),
Kr13þ (Q=A ¼ 1=6.6), N2þ (Q=A ¼ 1=7), etc., is a proto-
type of HIAF-RFQ. Table I lists the basic design specifi-
cations of LEAF-RFQ. Figure 22 shows the main RFQ
parameters as a function of cell number. The focusing

strength was held constant (B ¼ 4.34) along the structure
leading to a constant average aperture radius of 5.8 mm,
keeping the capacitance independence of longitudinal
position to facilitate cavity tuning. The transverse geometry
of the vane tip is circular with the same transverse radius of
curvature throughout the RFQ making fabrication easier.
The ratio between the vane-tip radius and the average radial
aperture was chosen to be 0.75 as a compromise between
the peak voltage and the effect of multipoles.
To obtain the lowest possible output emittance and

shorter vane length, an external MHB was employed
upstream of the RFQ, and the RFQ only accepts the well
bunched core particles for further acceleration avoiding
capture of the small fraction particles in the tails of the
distribution. Since the beam is already bunched at the
entrance of the RFQ, an initial synchronous phase of −45°
and a modulation factor of 1.05 were chosen so that the
longitudinal acceptance is truncated. Following the devel-
opment in FRIB at MSU [29], a single gap MHB with three
harmonics was adopted. The three resonant frequencies
are produced via two quarter-wave resonators: one reso-
nator is driven at its fundamental mode at 40.625 MHz
(half of RFQ frequency) and its first higher-order mode
(121.875 MHz), while the other is driven only at its
fundamental mode of 81.25 MHz. The side cross section
of LEAF-MHB is shown in Fig. 23. The MHB aperture
diameter of smaller opening is 22 mm and the gap between
the electrodes is 8 mm. With two higher harmonics
linearizing the voltage ramp the MHB is expected to
produce an approximately linear saw-tooth modulation
of the beam energy. The expected longitudinal distribu-
tion and the initial reduced-size separatrix are shown in
Fig. 24 [30–31].
LEAF-RFQ was assembled in December 2017 and the

cavity rf conditioning finished in February 2018. The con-
ditioning in cw mode up to 75 kW (1.1 times the required
maximum rf power) went smoothly, consuming only

TABLE I. Basic design specifications of LEAF-RFQ.

Duty cycle 100%
Operating frequency (MHz) 81.25
Resonant cavity 4-vane
Input particle energy (keV=u) 14
Output particle energy (keV=u) 500
Maximum vane voltage (kV) 70 (U34þ)
cw rf power (kW) 60 (U34þ)
Peak field at electrode surface 1.57 Kilpatrick units
Length of the RFQ vane (cm) ∼596.4

FIG. 22. Main parameters as a function of cell number for LEAF-RFQ.
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44 hours. The whole complex installation, excepting the
MHB, was finished inMay 2018, and the beam commission-
ing started soon after that. Early beam commissioning
and characteristic measurement without MHB were reported
in [26,32]. The MHB was installed in September 2018.
The beam transmission increased to the designed value with
MHB operational. The N2þ beam was used as a substitute of
U34þ to evaluate the accelerator performance due to the same
rigidities. Figure 25 shows the measured and simulated
acceleration efficiencies of the RFQ for ∼100 eμA N2þ
beam under different MHB operation conditions. The full
transmission efficiency, including nonaccelerated current,
was measured by two ac current transformers (ACCT)

situated on both sides of the RFQ, as illustrated in Fig. 26.
The measured transmission was higher than 97% which is
similar to the simulated value. The acceleration efficiency
is the ratio of the beam currents at Faraday cup (FC4)
located after the MEBT quadrupole triplet and ACCT-1
before the RFQ. Simulations predict that the nonacceler-
ated particles would be overfocused and lost in the
triplet focusing channel due to the widely different rigidity
from the synchronous particles. Good agreement between
the measurements and simulations was demonstrated,
while the small difference can be due to the measurement
errors and the deviations of the simulation model.
However, due to the power limitation of the amplifier,
the third harmonic with frequency of 121.875 MHz hardly
has contributions to the beam intensity in themeasurement.
To investigate the validity of the third harmonic, the
measurement was conducted with the designed minimum
M=Q ion He2þ which requires a much lower field in the
center gap, decreasing the required rf power. As shown in
Fig. 27, with the third harmonic working the acceleration
efficiency increased by 2%, comparing with that using
two harmonics. Since the design ion for the RFQ has
M=Q ¼ 7, the acceleration efficiency for He2þ is generally
lower than N2þ.
To better understand the bunching effect of the MHB

to the beam, Fig. 28 shows the particle distribution in
longitudinal phase space after being bunched by the
first harmonic (40.625 MHz), the second harmonic
(81.25 MHz), 1stþ 2nd harmonics and 1stþ 2ndþ 3rd
harmonics, respectively. The orientation of the beam is to
match the orientation of the RFQ acceptance to maximize
the acceleration efficiency. Figure 29 shows the beam
longitudinal bunch shape detected by a fast Faraday cup
(FFC, as shown in Fig. 26, after a drift subsequent to the
RFQ) which has a time resolution of 80 ps (bandwidth
limitation of 12.5 GHz). It is observed that primary bunches

FIG. 24. Expected longitudinal distribution at the RFQ entrance
of the beam bunched by the MHB and the initial reduced-size
separatrix of the longitudinal motion.

FIG. 25. Measured and simulated acceleration efficiencies of
the RFQ for ∼100 eμAN2þ beam under different MHB operation
conditions.

FIG. 23. Side cross section of the LEAF-MHB.
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and satellite bunches are arranged alternatively in time.
That is because the fundamental frequency of MHB is half
of the frequency of RFQ. The measurement also indicated a
hollow bunch profile. The simulations, shown in Fig. 30,
give the explanation: at low beam current the space charge
force is not enough to make the S-shape particle distribu-
tion in the longitudinal phase-space dispersive [33]. The
measured full width at half maximum (FWHM) of the
bunch length was about 1.1 ns, which was slightly larger
than the simulation (see Fig. 30, FWHM ∼0.8 ns).

B. A proposal of new prebunching scheme

The performance of LEAF-RFQ has demonstrated
successful system design. A similar structure would be
adopted by HIAF. However, a new prebunching scheme

that has a fundamental frequency equal to the RFQ
frequency has been considered in HIAF to avoid satellite
bunches as shown in Fig. 29. The energy gain of a charged
particle passing through a buncher depends on the transit
time factor (TTF) which is a function of both the particle
velocity and harmonic number. The difficulty to increase
the frequency of the MHB lies in the lower TTF for higher
frequency harmonic. The TTF for a single accelerating gap
can be given by

T ¼
R
Eð0; zÞ cosð2πz=βλÞdzR

Eð0; zÞdz ; ð2Þ

where Eð0; zÞ is the electric field along the axis, β is the
particle velocity and λ the wave length. To improve the
TTF, considering a MHB with the electrodes separated by
4 mm with center aperture diameters of 20 mm, the axial
field distribution obtained from electromagnetic studio
(EMS) [34] simulation is shown in Fig. 31. Figure 32
presents the dependence of TTF on the frequency. Higher
frequency results in lower TTF, indicating higher rf
power consumption. That is why we chose half of the
RFQ frequency as the fundamental frequency of MHB
in LEAF.
Although the MHB resonator operating with three

frequencies could produce an approximately linear saw-
tooth in the voltage as a function of time [35], the beam
energy may not gain a sawtooth modulation as shown in
Fig. 24 where the longitudinal space charge effect of the
beam is neglected. By taking longitudinal space charge
effect into account, after being bunched by the MHB
(LEAF-MHB) the simulated particle distribution in the
longitudinal phase space at RFQ entrance for 1.6 emA

FIG. 27. Measured acceleration efficiencies of the RFQ for
He2þ beam under different MHB operation conditions.

FIG. 26. Interface of the beam diagnostics.

Y. YANG et al. PHYS. REV. ACCEL. BEAMS 22, 110101 (2019)

110101-14



FIG. 28. Simulated particle distributions in longitudinal phase space after being bunched by the first harmonic, the second harmonic,
1stþ 2nd harmonics and 1stþ 2ndþ 3rd harmonics, respectively.

FIG. 29. Measured beam longitudinal bunch shape by a fast Faraday cup.
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U35þ beam with energy of 14 keV=u is shown in Fig. 33.
Unlike the simulation in Fig. 24, the beam in longitudinal
phase space presents a serious distortion with nonlinear
effect [36].

Now that a sawtooth-like waveform of energy spread
cannot be obtained for intense beam due to the impact of
the space charge effect, a new prebuncher scheme con-
taining two frequencies of 81.25 and 162.5 MHz is
proposed in HIAF. By matching the orientation of the
RFQ acceptance Fig. 34 shows a series of bunched
beams by a three-harmonic-buncher (40.625þ 81.25þ
121.875 MHz) and a two-harmonic buncher (81.25þ
162.5 MHz) respectively. The corresponding beam simu-
lation results in the RFQ are compared in Table II. We can
also see a difference of the distribution between Figs. 34
and 28, which are corresponding to currents of 1.6 and
0.1 emA, respectively. Although with two-harmonic pre-
bunching, the beam transmission efficiency in the RFQ is
slightly larger than that with three-harmonic bunching,
indicating more particles are captured for acceleration.
Figure 34 gives the explanation: for the three-harmonic
case it is a waste of rf bucket. Besides, the output
longitudinal emittance does not get worse because the rf
bucket area of the RFQ is fixed [37]. The optimal mixture
of the harmonics for the bunchers to maximize the RFQ

FIG. 30. Simulated beam longitudinal distribution and bunch shape.

FIG. 31. MHB longitudinal electric field along the beam axis.

FIG. 32. Frequency versus TTF.
FIG. 33. Initial separatrix of the longitudinal motion and the
simulated longitudinal distribution with space charge effect on.
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transmission is shown in Table III. Owing to higher
fundamental frequency of the two-harmonic buncher, the
voltage amplitudes of the harmonics should be higher due
to lower TTF. Therefore, a good cooling in the resonators
should be considered.

VII. CONCLUSIONS

An overall design of HIAF front end for transmission
and acceleration of high-intensity highly charged heavy ions,
such as 2 emA 238U35þ , has been conducted. Considering the
particularity of the beam quality from an ECR ion source,
beam extraction from the source has been modeled to obtain
a more realistic particle distribution for further particle
tracking simulation. The reliability of the extraction simu-
lation was further verified by measurements. Transverse
coupling is a typical property of the beam from ECR. Based
on both simulation and experiment, two solenoids were
arranged after the source for beam emittance exchange,
which helps to reduce the beam emittance. Space charge
compensation is a key issue in the LEBT design. A series of
experiments, combining with the simulations, show that in
the ECR CSS lines the mean space charge compensation
could reach a high level, no less than 70%, and the beam
quality is mainly determined by the ion source tuning and
plasma conditions.
The LEBT lines were designed as achromatic systems to

avoid energy spread induced emittance growth. The multi-
particle tracking simulation in the LEBT suggested a
collimation system composed of three successive apertures
can effectively eliminate the beam tails which account
for 20% of the beam but attribute to about 70% of the
emittance.
The design of HIAF RFQ will follow the development of

LEAF-RFQ. The successful full-rf power conditioning and
cw beam commissioning have proven an excellent design
of LEAF-RFQ. Considering the longitudinal phase space
distortions induced by the space charge effect for high-
intensity beams, the prebuncher has been redesigned to
contain two harmonics with the fundamental frequency
equal to the frequency of the RFQ to eliminate the satellite
bunches. Beam simulation indicated that the two-harmonic
buncher did not degrade the RFQ transmission efficiency
and output beam quality, but required more rf power.
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FIG. 34. Simulated beam longitudinal distributions after being
bunched by a three-harmonic buncher (up) and a two-harmonic
buncher (down) for a 1.6 emA U35þ beam.

TABLE III. Voltage amplitudes of different harmonics calcu-
lated for the U35þ beam.

Frequency
(MHz)

Three-harmonic
buncher

Two-harmonic
buncher

40.625 3192 V � � �
81.25 2260 V 4000 V
121.875 2027 V � � �
162.5 � � � 9400 V

TABLE II. Comparison of beam simulation results between
using three-harmonic and two-harmonic prebunchers.

Three-
harmonic
buncher

Two-
harmonic
buncher

Objective ion U35þ U35þ
Beam current (emA) 1.6 1.6
Transmission (accelerated) 75.6% 77.7%
Output transverse rms emittance
εx=εy (π mm mrad)

0.16=0.15 0.16=0.15

Output longitudinal rms emittance
εz;rms (keV=u ns)

0.30 0.30

Output longitudinal 99.9%
emittance εz;99.9% (keV=u ns)

6.07 5.88
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