Chinese Physics C  Vol. 49, No. 12 (2025) 124001

Design optimization of isochronous mode in the HIAF-SRing”

Wen-Wen Ge (53 3)'®  You-Jin Yuan (JRA 7))@  Jian-Cheng Yang (1)  S. Litvinov?

Geng Wang (EIk)'  Rui-Jiu Chen (Ffi%fi JL)'®  Xin-Liang Yan (Hi#%5%)"
Hang Ren ({Efi7)! Guo-Dong Shen (F [E#%)!

'Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
?School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 100049, China
3GSI Helmholtzzentrum fiir Schwerionenforschung, PlanckstraBe 1, Darmstadt 64291, Germany

Abstract: The measurement of mass, or equivalently the binding energy, of exotic nuclei has reached the limits of
nuclear existence, which are characterized by tiny production cross-sections and short half-lives. The isochronous
mode of the Spectrometer Ring at the High Intensity heavy-ion Accelerator Facility project in China (HIAF-SRing)
offers the capacity for such measurements. However, many factors limit the revolution time resolution of the iso-
chronous mode of the large acceptance HIAF-SRing. Nonlinear field errors as well as fringe fields of the wide aper-
ture dipoles and quadrupoles strongly excite the higher-order aberrations, which negatively affect the revolution time
resolution. Moreover, the transverse emittance of the beam is inversely proportional to the revolution time resolu-
tion. Their influence is investigated here, and a possible correction scheme with sextupoles and octupoles is shown.
With higher-order corrections, a mass resolution of R(FWHM) = 1 x 10°, corresponding to a relative revolution time
of of(T)/T ~4.9x 1077, is with the isochronous setting y, = 1.43 within the momentum acceptance of +0.2%.
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I. INTRODUCTION

The mass and half-life of an atomic nucleus play an
important role in nuclear structure and astrophysics, as
well as in fundamental interactions and symmetries [1],
which reflect all the interactions between constituent nuc-
leons. The presently unknown nuclear masses, particu-
larly those of nuclides far from f-stability, are required to
better understand the formation of elements in the uni-
verse [2]. For instance, accurate mass values, together
with other information on N = Z (4 = 78—100) nuclei, are
crucial for the investigation of the rp-(rapid proton cap-
ture) and oap-processes. Simultaneously, they are em-
ployed for solve many key questions related to nuclear
structure, including the origin of Wigner energy, 7 = 0
pairing, isospin symmetry, location of proton drop lines,
evolution of deformation and shell closure, testing of
mass models, constraints on the B (GT) value of beta de-
cay along N = Z, and testing of the CVC hypothesis.
However, such nuclei, characterized by low production
cross-sections and short half-lives, are extremely diffi-
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cult to produce and measure in a laboratory. Therefore,
highly efficient measurement techniques and facilities are
required. Storage ring mass spectrometers offer the pos-
sibility of simultaneous mass and half-life measurements
of these short-lived nuclides. There are three such heavy-
ion storage rings in operation worldwide, named the ex-
perimental storage ring ESR at GSI Helmholtz Center in
Darmstadt [3], experimental Cooler Storage Ring CSRe
at the Institute of Modern Physics in Lanzhou [4], and
Rare-RI Ring R3 at the RIKEN Nishina Center in Tokyo
[5]

To extend the mass and half-life measurement pro-
gram to nuclei with even smaller production rates, the
Spectrometer Ring (SRing) is being designed for the
next-generation High Intensity heavy-ion Accelerator Fa-
cility (HIAF), which will be located in Huizhou, China
[6, 7]. The HIAF will provide a high-intensity, high-qual-
ity, and higher-energy heavy-ion beam with the synchro-
tron Booster Ring (BRing). The transmission line
between the BRing and SRing is both a transmission line
between the two rings and a high-magnetic-rigidity (25
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Tm) radioactive secondary beam line HIAF FRagment
Separator (HFRS). The stable nuclear heavy ion beam ex-
tracted from BRing is targeted to produce a radioactive
secondary beam, which can be directly used for experi-
mental measurement after separation and selection by
HFRS, or the isolated unstable nuclear secondary beam
can be injected into the SRing to prepare high-quality
secondary beams for high-precision experimental meas-
urements.

Three operation modes have been carefully designed
for the SRing: isochronous mode, normal mode, and in-
ternal target mode. The isochronous mode is specially de-
signed for in-ring high-precision mass measurements of
exotic nuclei with low production cross-sections and
short half-lives. The normal mode is designed to prepare
high-quality Rare Isotope Beams (RIBs) for Schottky
mass spectrometry experiments and in-ring atomic phys-
ics experiments. The internal target mode is designed
mainly for reaction studies utilizing the gas-jet target
(GJT) and specific electron target (ET). In the isochron-
ous mode, short half-life nuclei, especially neutron-rich
nuclei far away from f decay stability, can be produced
by HFRS via projectile fragmentation reactions. After in-
flight separation and transmission, the secondary beams
are finally injected and stored in the SRing for mass and
half-life measurements of exotic nuclei. For instance,
measuring the masses of nuclides around "®Ni, '*?Zr, and
1328n, as well as the lifetime and nuclear reaction rates of
the associated nuclei, will be a crucial task for the applic-
ation of isochronous mode.

In the storage ring mass spectrometry, the circulating
ions follow Eq. (1), which connects the revolution times
(T) of the circulating ions to their mass-to-charge ratios
(m/q) and velocities (v) [8, 9]:

AT 1 A 2 A T
ar_ 1 (m/q)+<772_1)7v+(d7) Y
T yt m/q ')’z v T add

where y is the relativistic Lorentz factor of the circulating
ions, and v, is the transition energy of the storage ring.
(dT/T).qa are additional aberrations to the revolution time
spread.

As revealed in Eq. (1), to accurately measure the m/q
values of the circulating ions, one must measure their re-
volution time or frequency under the condition that the
second and third terms on the right side of Eq. (1) can be
reduced to a negligible value. There are two methods to
reduce the influence of the second term [10]. The first
method is Schottky Mass Spectrometry (SMS), which is
based on the reduction of the velocity spread Av/v by ap-
plying beam cooling. Beam cooling requires several
seconds, which sets a limit on the half-life of the meas-
ured nuclide. This method has been employed routinely at
the ESR at GSI [11—15]. Another method is Isochronous

Mass Spectrometry (IMS), which is based on the iso-
chronous setting that the vy, of the storage ring is equal to
y of the nuclides of interest. In the isochronous setting,
the velocity difference of the circulating ions can be com-
pensated by the difference of their corresponding orbit
lengths, giving them the same revolution times. The IMS
method is ideally suited for mass measurement of very
short-lived nuclides (us to ms) because one measure-
ment takes only a few hundred microseconds. This meth-
od has been employed at both the ESR and CSRe [9,
16—19].

The ions of interest are injected into the ESR or CSRe
with y, =y =141 or 1.395, respectively. The achieved
mass resolving powers of IMS were approximately
R(FWHM) <2x10° (ESR) and R(FWHM)<5x10°
(CSRe), compared to R(FWHM) < 1x10° obtained in
SMS experiments [20, 21]. R is the mass resolving
power, which is defined as follows:

m 1 1 T
RFWHM)= — = ————. 2
( ) Am  2.355y? o(T) @)

In the SRing, both the SMS and IMS are used to ac-
curately measure the mass and half-life of the short-lived
nuclei. The design goal for the SMS of the SRing is to
reach a final equilibrium momentum spread at the level of
20(p)/p=+6x 1077 ~ 10~ using the stochastic and elec-
tron cooling systems. Meanwhile, the design goal for the
IMS of the SRing is to reach a maximum mass resolution
of 1x10° (FWHM) for the nuclei of interest. To achieve
this, a careful design of the isochronous mode of the
SRing was carried out.

The paper introduces the basic isochronous mode
design as well as detailed higher-order isochronous cor-
rections of the SRing. By applying higher-order isochron-
ous corrections, a mass resolution of R(FWHM) =
1x10° corresponding to a relative revolution time of
o(T)/T ~4.9x 1077 is provided by the isochronous set-
ting vy, =143 within the momentum acceptance of
+0.2%.

II. FIRST-ORDER CALCULATION

The SRing is designed as a high-precision spectro-
meter equipped with different detectors for nuclear and
atomic physics experiments. As illustrated in Fig. 1, the
SRing has a four fold symmetric structure with a total cir-
cumference of 277 meters. The designed magnetic rigid-
ity range is 1.5-15 Tm (8—13 Tm for the isochronous
mode). Each quarter of the SRing consists of 5 dipole
magnets and 11 quadrupole magnets to fulfill first-order
focusing conditions. The electron cooler, electron target,
Gas-Jet target, and two time-of-flight (TOF) detectors
will be installed in dispersion-free straight sections. The
gap of dipoles is 110 mm, and the apertures of quadru-
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(color online) Layout of the SRing lattice. The blue, red, and green squares represent the dipoles (D), quadruples (Q), octu-

pole coils (O) and sextupoles (S) , respectively. The cyan squares represent the electron cooler, electron target, and Gas-Jet target. The

purple squares represent the TOF detectors.

poles and sextupoles are 320 mmx140 mm. For the
second-order isochronicity and chromaticity correction, 4
sextupole magnets will be installed in the arcs. Addition-
ally, 4 octupole coils will be installed in each quarter in
the arc section for higher-order nonlinear corrections.

The SRing isochronous mode will be operated as a
TOF spectrometer for short-lived exotic nuclei produced
and selected in flight with the HFRS. In the isochronous
setting, for definite magnetic rigidity and transition en-
ergy settings of a storage ring, only ions with certain m/q
can satisfy the "isochronous condition" y = y,. To distin-
guish, these ions are called "isochronous ions". In iso-
chronous condition, the second term on the right side of
Eq. (1) can be reduced to a negligible value, and 7 only
depends on m/q. Thus, all particles with the same m/q at
different velocities travel around the ring with equal re-
volution times. Therefore, measurements of the revolu-
tion times give the possibility to determine m/q ratios of
circulating ions.

The mean transition energy vy, can be adjusted by
quadrupole settings. Three settings with y, = 1.43, 1.67,
and 1.84 have been designed for the IMS mode planned
at the SRing. The y, = 1.43 setting is for accessing to the
mass region of very neutron-rich nuclei, which allows the
measurements of m/q from 2.52 to 4.10 in the magnetic
rigidity region of 8—13 Tm. The y, = 1.84 setting is for
accessing to very proton-rich nuclei, allowing m/q to be
measure from 1.66 to 2.70 in the range of magnetic rigid-
ity. As shown in Fig. 2, one can measure a wide region of
exotic nuclei indicated in the chart of nuclei with differ-
ent isochronous settings of the SRing [27]. The trans-
verse acceptance in all three setting is 30 mm mrad in
both planes. The longitudinal acceptance is smallest for
the y, = 1.43 mode due to the largest dispersion and cor-
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Fig. 2.
SRing. Different sectors indicate the regions of nuclei that can

(color online) Nuclides that could be measured in the

be accessed with different isochronous settings and corres-
ponding B, of the SRing. Known and stable nuclides are
shown by black and blue, respectively [22—25]. A predicted
astrophysical rapid-neutron capture process is shown as a
brown curve [26].

responds to ép/p = +0.2%. For the y,= 1.67 and 1.84
settings, the momentum acceptance is =+0.25% and
+0.3%, respectively. The f and dispersion functions for
the three isochronous settings are shown in Fig. 3. The
calculated optics parameters for different isochronous
modes are given in Table 1.

The dependence of the theoretical y; and y on the mo-
mentum deviation of the stored particles for the y, = 1.43
setting of the SRing was analyzed by the GICOSY code
[28—30]. As shown in Fig. 4, the isochronous condition is
not satisfied in the linear lattice calculations when the
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length(m)
Fig. 3.  (color online) B functions and dispersion functions
along path length of half SRing for different y, settings.

Table 1. Isochronous mode optics parameters of the SRing.
transition energy y; 1.43 1.67 1.84
&/ mm-mrad 30 30 30
&,/ mm - mrad 30 30 30
momentum acceptance +0.2% +0.25% +0.30%
tune Qx/Qy 2.46/5.44 2.58/5.56 2.65/5.62
chromaticity &,/¢, —9.53/-3.87 -4.77/-6.57 —4.58/-7.60

momentum deviation from the central momentum in-
creases. The relative revolution time difference only
reaches o(T)/T <2.16x107°, with a momentum devi-
ation range of +0.2%. The higher-order isochronous cor-
rections are needed to improve the revolution time resolu-
tion.

III. HIGHER-ORDER REVOLUTION TIME
DIFFERENCE

The relative revolution time difference between an ar-
bitrary and the reference particle can be expressed as a
higher-order approximation using a Taylor series in terms
of the initial coordinates [31, 32]:

AT T = (t|x)cx + (tla).a + (1]0).0
+ (txx) X% + (t|xa) . xa + (tlaa) . a* + (tlyy)cy2
+(tlyb)cyb + (1|bb) b
+ (t]x6).x6 + (t|ad).as + (165).5°
+(tlxxx)ex + -+ + (11666).6°

The coefficients of the Taylor series are the partial deriv-
atives of the left coordinate before the line with respect to
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Fig. 4. (color online) Theoretical y, and y as a function of
the momentum deviation in the linear lattice of the SRing iso-
chronous setting y; = 1.43.

the right coordinates, as well as the transfer matrix ele-
ments, e.g., /(x6) = %, x and y are the transverse posi-
tions, a and b are the transverse slopes, and ¢ is the relat-
ive momentum deviation (6= (p—po)/py) tothe refer-
ence particle. ¢ represents coefficients normalized by the
total time of flight nTy ((¢|x). = (f|x)/nT,), where n is the
number of turns and T, is the revolution time of the refer-
ence particle.

The terms in Eq. (3) covers the contributions from
linear lattice unisochroneity as shown in Fig. 4, as well as
the third term (d7/T ). on the right side of Eq. (1) [32,
33]. These aberrations include the influence of mo-
mentum deviation, transverse emittance and nonlinear
field errors, etc [34—37]. The aberrations are corrected
with two tricks. In the first trick, the influence of trans-
verse emittance is investigated corrected by using sextu-
poles in the dispersive section. This trick tries to minim-
ize the width of vy, curve in Fig. 4 without considering of
its shape. The second trick will focusing on investigation
the shapes of y, curve with influence of field imperfec-
tions in addition to the unisochroneity of linear lattice
shown in Fig. 4, and correction of the y, curve to satisfy
isochronous condition.

IV. TRANSVERSE EMITTANCE INFLUENCE

For ions with the same momentum in the storage ring,
their orbital length deviation and consequently the relat-
ive revolution time difference depends quadratically on
the amplitude of the betatron oscillations, which is dir-
ectly related to the transverse emittance as follow [33,
38]:

AL 1 !
<L>ﬁ =~ TLO/()' (8x7x(s) +‘9xh2(s)ﬁx(s) +‘9y7y(s))ds’ (4)

where ¢, and ¢, are the transverse emittance values in
each plane. B,(s), ¥.(s), and y,(s) are the Twiss paramet-

124001-4



Design optimization of isochronous mode in the HIAF-SRing

Chin. Phys. C 49, 124001 (2025)

ers of the storage ring. A(s) = p(%) is the bending power of
the dipole field.

When the transverse emittance increases, ions oscil-
late around the reference orbit with higher betatron oscil-
lation amplitude. Then, they will have longer orbit length
and revolution time. Large acceptance of the SRing is
more crucial for IMS experiments of very short-lived
nuclei with low production cross-sections. This means a
high transmission efficiency from the HFRS to the SRing
is desired, and the stored ions may have a large mo-
mentum spread and large transverse emittance. To in-
crease the mass resolving power while keeping large ac-
ceptance of the SRing, the influence of transverse emit-
tance on the revolution time spread should be reduced by
using the sextupoles in the dispersion section of the
SRing.

Figure 5 shows the revolution time distribution for
two beams with the same momentum but different emit-
tance: 10 and 100 mm-mrad, where SC denotes sextu-
pole magnet corrections. In the calculation, 10% stored
zero momentum deviation isochronous ions were used,
the emittance was changed simultaneously in the hori-
zontal and vertical planes, and the revolution time (7,) of
stored ions in the SRing is approximately 1.24 ps. Three
families of sextupole magnets were used to correct the
transverse emittance influence, including the second or-
der (#/65). When the emittance increases, the spread of re-
volution time increases and the central value also
changes. The second effect is more important for the
mass measurement experiments, because the mean value
of the revolution time distribution is used for mass de-
termination. This causes systematic errors and cannot be
eliminated by increasing statistics. After the further cor-
rections of the transverse emittance influence including
the second order (¢/66), the mean shift of the revolution
time reduces from about 350 ps to 11 ps for transverse
emittance of 100 mm-mrad. The FWHM of the distribu-
tions in Fig. 5 is 32.3 ps, 135.5 ps and 85.1 ps, respect-
ively.

As illustrated in Fig. 6, the revolution time spread in-
creases linearly with the beam transverse emittance. In
the simulations, we used 10° zero momentum deviation
isochronous ions and tracked for 100 turns. The emit-
tance was changed simultaneously in the horizontal and
vertical planes. With the sextupole correction, o(T)/T <
1x107° will be reached with a transverse emittance of
<45 mm-mrad in both planes for beams with the refer-
ence momentum, expanded from < 15 mm-mrad without
correction.

V. NONLINEAR FIELD INFLUENCE

For the large aperture magnet design of the SRing, the
imperfection of the magnetic field changes the designed
dispersion and B—function of the storage ring. This also

6 —, yZIO mm-mrad without correction
? ---€ y=1 00 mm-mrad without correction
o ¢ =100 mm-mrad with SC
st Xy |
z
Z
2
on
S 3r 1
Z
=1
=3
3 2r 1
1 | 4
0 4' - L
-1 1
Fig. 5. (color online) Revolution time distribution for beams

with the same momentum but different emittance. The y-axis
is a logarithmic scale.

results in a change of vy, of the storage ring as a function
of momentum deviation. The variation of revolution time
of the stored ions as a function of momentum deviation
will also be influenced. The influence of magnetic field
imperfections on the revolution time and corresponding
correction scheme with sextupoles and octupoles were in-
vestigated. In the calculation, the transverse emittance
setting is 30 mm - mrad. The main ingredients considered
here are the higher-order field components of dipoles and
fringe fields of dipoles and quadrupoles.

The dipole magnetic field homogeneity is crucial for
the time resolution, which can be described by a series of
higher-order field indices n; as [30]

b fion(S)n(3) o2) ]

where p is the reference radius of the dipole magnet.

In the calculation, the indices n; = 0.0059, n, =
0.3491, ny; = 412653, n, = 243.4654, and ns =
7149.2430, and the dipole magnetic field B=1.252T.
One can see that the higher-order field components of the
dipoles lead to variation of revolution time, as shown by
curve 1 in Fig. 7. This implies that, in the design of the
magnet, the higher-order field of the dipoles should be
minimized for the IMS experiments. The influence of the
higher-order field components of dipoles can be com-
pletely compensated by the corresponding order of mag-
netic field.

The quadrupoles in the SRing will have a maximum
aperture of 0.32 m, which will lead to strong extended
fringe field proportional to its pole field [39]. The influ-
ence of the quadrupole fringe field in the SRing was ana-
lyzed by the mode "F F 1" in GICOSY code, as illus-

124001-5



Wen-Wen Ge, You-Jin Yuan, Jian-Cheng Yang et al.

Chin. Phys. C 49, 124001 (2025)

9 \ \

——without correction
8r - - -with SC

o(TYT[10%]

0 20 40 60 80 100
e:ey[mm-mrad]

Fig. 6. (color online) Standard time deviation o(7T)/T as a
function of the beam emittance with and without sextupole
correction. The momentum deviation of the ions is dp/p = 0.

trated by curve 2 in Fig. 7. The change of the optics leads
to a change of the tune and correspondingly of the chro-
maticity. The fringe fields will have a considerable influ-
ence on orbit length of ions away from the reference or-
bit.

To mitigate the higher-order aberrations caused by the
higher-order field components of dipoles and fringe fields
of dipoles and quadrupoles, several families of sextu-
poles and octupoles are introduced. Adjustment of quadu-
poles is needed to correct the center value of y,.

The corrections result is shown as curve 4 in Fig. 7.
Finally, with three sextupole families and one octupole
family corrections, o(T)/T was reduced to 4.9x 1077
within the range of momentum acceptance of +0.2%. Ac-
cording to the symmetry of SRing shown in Fig. 1, each
magnet family includes 4 magnets with same strength.

The curve 5 and the shaded area 6 show the influence
of 30 mm-mrad transverse emittance. Usually, such influ-
ence can be mitigated by filtering of the frequency com-
ponents with transverse betatron tunes and their high or-
der combinations in the time sequence signals [40].

VI. DISCUSSION AND CONCLUSION

The isochronous modes with three transition energy
settings of the SRing is designed for precise mass and
half-life measurements of short-lived exotic nuclide. The
influence of transverse emittance and field imperfections,
including nonlinear field errors of dipoles and fringe
fields of dipoles and quadrupoles, on the revolution time
resolution of the isochronous mode has been studied.

The calculations show that the revolution time spread
strongly depends on the beam transverse emittance.

1.54—
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(b)
Fig. 7.  (color online) Transition energy y, (a) and relative

variation of revolution time (b) as a function of momentum
deviation. For curves (1): only with the influence of the high-
er-order field components of dipoles; (2): with only the influ-
ence of the fringe fields of dipoles and quadrupoles; (3): with
both (1) and (2); (4): an correction of (3) by three families of
sextupole and one family of octupole; (5): The influence of
base line of (4) by transverse emittance 30 mm-mrad; and the
shaded area (6) is the FWHM of (5).

When the emittance increases, the width becomes large
and the center of the revolution time is shifted. Although
such influence is large, but it can be mitigated by filter-
ing of the time sequence signals based on accelerator the-
ory of transverse motions.

Focusing on the lowest transition energy, v, = 1.43,
the influence of field perfections, such as higher-order
field components of dipoles and fringe field of dipole and
quadrupole magnets, on the revolution time resolution are
studied. The higher-order magnets, such as sextupole and
octupole families are used to optimize the time resolution.

With three families of sextupole and one family of oc-
tupole, a mass resolution of R(FWHM)=1x10° to
o(T)=T ~4.9x1077 is reached, within the momentum.
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