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Abstract

Spin-transparent storage rings, in which any spin orienta-
tion returns to its original state after a full revolution, offer
a promising new platform for quantum computing when
combined with ion traps. These rings present several key
advantages: they can store large numbers of qubits, enable
long quantum coherence times — lasting up to several hours
— support long storage lifetimes, and operate at room tem-
perature. Such characteristics make spin-transparent rings
an attractive and scalable solution for implementing com-
plex quantum algorithms that require deep circuit depths
and high qubit counts. Moreover, the extended coherence
time makes this technology well-suited for applications in
quantum sensing and quantum memory.

SPIN-TRANSPARENT STORAGE RING

A spin-transparent (ST) storage ring [1] is designed to
make the spin dynamics degenerate, that is, the spin trans-
formation in one turn around the ring is an identity trans-
formation. The spin-transparency property of such a ring
holds regardless of the precise geometry, provided the ring
is flat and the net bending angle over one turn is zero. The
most natural ST topology is a figure-8 ring configuration.
A conventional magnetic ring has a distinct spin direction
fig where the spins of all particles precess around. The rate
of this precession is called a spin tune v. In the conven-
tional magnetic ring, 7y is in the vertical direction. All
the spins precess about the vertical magnetic fields of the
bending dipoles. Since the spins precess about magnetic
field Gy times faster than momentum, where G is the parti-
cle’s anomalous gyro-magnetic ratio and y is the relativistic
factor, the spin makes Gy revolutions about the vertical di-
rection in one particle turn around a conventional circular
ring (¢ = Gy $d6 = 27Gy and v = Gy).

The spin components perpendicular to 7y decohere in the
conventional ring. The main cause of this decoherence is
the spread in v due to the spread in the particle energies Ay,
which is always present in a particle beam: Av = GAy. For
practical beam parameters, total polarization decoherence
occurs in several thousand turns.

The ST ring configuration offers a universal solution to
this decoherence problem. Clearly, since the bending angle
fd 0 in one turn is zero, the spin rotation in one turn is also
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identically zero, independent of the particle energy (¢ =
Gy $d6 = 0). For a particle of any given energy, the spin
rotation in one arc is completely compensated by an equal
but opposite rotation in the other arc. This compensation
mechanism is analogous to the spin-echo effect observed
in NMR, where opposing spin rotations cancel out over a
cycle.

In an ideal ST ring, any initial spin orientation remains
unchanged after one complete revolution around the ring.
This means the spin state is preserved from turn to turn,
regardless of its initial direction — effectively “freezing” the
spin configuration. However, in real-world rings, several
effects lead to deviations from this ideal behavior. The pri-
mary source of deviation arises from imperfections in the
ring, which distort the actual closed orbit relative to the
ideal design orbit. A secondary source of deviation comes
from particle betatron and synchrotron oscillations about the
closed orbit. These oscillations influence on spin dynamics
is of higher order compared to the dominant effect from
closed orbit distortions.

In the context of closed-orbit distortion, vertical orbit dis-
tortion is of primary concern because it leads to a net spin
rotation over one full turn around the ring. This vertical
distortion is mainly caused by misalignments of vertical
quadrupole magnets and the roll of dipole magnets. The sen-
sitivity of the spin to such errors can be effectively evaluated
using the spin response function formalism for ST rings [2].
This effect has been investigated particularly in the context of
GeV rings. Both theoretical analysis and simulations have
shown that the imperfection spin effect can be measured
and mitigated using a local 3D spin corrector, consisting of
weak magnetic elements [3]. The implementation of such
compensation measures, combined with precise control of
alignment errors, is essential for achieving the required spin
coherence time.

The strengths of ST ring technology include its excep-
tionally long coherence times — lasting several hours — and
its capacity to store a large number of particles. To scale
beyond the current maximum number of stored particles,
one possible approach is the use of multiple rings.

QUANTUM COMPUTING

Quantum computers [4] have the potential to make sig-
nificant impact in the fields of cryptography [5], machine
learning [6], and pharmacology [7] owing to their ability
to execute critical algorithms with dramatically increased
computational efficiency compared to classical systems. A
wide range of physical platforms are currently under develop-
ment for quantum computation, spanning much of modern
physics. However, it remains uncertain which technology
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Figure 1: Schematic of the proposed quantum computing platform based an ST ring and an ion trap.

will ultimately overcome the many challenges involved and
emerge as the most viable.

Among the most critical challenges in building quantum
computers are the preservation of quantum coherence and the
implementation of scalability. Qubit coherence is typically
lost due to interactions with the environment and fluctuations
in control parameters during quantum operations. The key
metric governing a system’s computational capacity is the
ratio of coherence time to gate time — this ratio determines
the maximum algorithmic complexity that can be executed
reliably.

Scalability, on the other hand, refers to a quantum sys-
tem’s ability to increase the number of qubits without incur-
ring exponential growth in resource demands, such as time,
space, or energy. Therefore, the development of a quantum
platform that combines long coherence times with efficient
scalability is essential for the realization of practical and
powerful quantum computers.

Ytterbium Ion Qubit

Ion traps [8] can be combined with the ST ring to greatly
enhance both quantum coherence time and scalability. The
spins of the nuclei of these ions, such as !71'Yb*, couple
to the spins of the outer-shell atomic electrons through the
hyperfine interaction [9]. The qubits are represented by the
two hyperfine ground states: |F = 0,myp = 0) and |[F =
1,mp =0).
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Polarized '71Yb™ can be prepared in the ion trap by opti-
cal pumping of '71'Yb" atoms into a single hyperfine state,
which are then injected into the ring. The ion trap is used to
prepare the single-ion qubits and the entangled ion qubits.
The '71Yb" atomic ion is highly suitable for use as a qubit
in a ring because of its long-lived hyperfine qubit, which has
been demonstrated in radio-frequency Paul traps. The spin
of the '71Yb™ qubit can be measured using state-dependent
resonant fluorescence, where the 171 Yb* ion interacts with
a laser beam and fluoresces photons when it is in only one
hyperfine spin state. This fluorescence method provides an
efficient and robust readout mechanism of the qubit in the
ring.

Ring Design

The layout of the ring, shown in Fig. 1, is designed to
store about three thousand '7!Yb* ions and fits in a 12m
by 6 m footprint. Qubit motion is transversely stabilized
by alternating focusing. A radio-frequency (RF) bunching
cavity provides longitudinal confinement of the individual
ions. The maximum number of stored qubits is determined
by their minimum longitudinal separation sufficient for their
independent manipulation — chosen to be about 1 cm, so that
the fringe fields of pulsed elements, such as the injection
kicker, do not overlap the adjacent ions.

The ring design is electrostatic. It is necessary to pre-
serve its spin transparency feature for ions. Unlike an el-
ementary particle, an ion is a compound particle, and its
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Table 1: ST Ring Parameters for !71Yb" Ion

Kinetic energy, K 10keV
Momentum, p 56.4MeV/c
Velocity, 3.54x 1074
Relativistic y 1+627x1078
Relative longitudinal

momentum offset, Ap,/p <1073
Longitudinal temperature,

T, = mc2ﬁ2(Ap”/p)2/kB < 200K
Angular deviation, A6 | 1 mrad
Transverse temperature,

T, = mc?B%y?(A6,)? kg 232K

Ring circumference, L 33.5m
Circulation frequency, f. 3.17kHz

No. of qubits /

RF harmonic number 3,300

Time separation of qubits, At 95.7ns

Electric bending field, E 17.3kV/m
Integrated magnetic / electric field

of 10 mrad injection

/ extraction kick 1.9T-mm/200V

anomalous gyro-magnetic ratio is a function of the applied
magnetic [10] and electric fields. The field dependence is
such that the spin phase advance is not necessarily zero for
zero integrated magnetic field while it is zero for a zero inte-
grated electric field. Some of the ring parameters are listed
in Table 1.

The limit on the maximum transverse and longitudinal
offsets of a stored particle comes not from the spin coherence
or ring acceptance but from the Doppler shift of the state
transition frequencies. Unlike techniques relying on quan-
tization of the orbital motion [11, 12], the spin-based qubit
states are robust. The spin state is practically decoupled
from the orbital motion. Once set, aside for resonant situ-
ations, the spin state is stable to external factors. However,
deviation of the particle momentum from the design value
results in a Doppler shift of its transition frequency. If the
shift is greater than the difference in frequency between the
states, the two states cannot be discerned. Despite being the
major limitation, this constraint still allows for momentum
offsets of hundreds of Kelvin in terms of the transverse and
longitudinal beam temperatures.

Storage Lifetime

The storage lifetime of the beam is determined by the
interaction of '71Yb" ions with the residual gas in the ring.
The vacuum in the storage ring is expected to be lower than
10~!2 Torr. This extreme high vacuum can be achieved
with high temperature bake-outs of vacuum components
such as electrodes and beam pipes and providing sufficient
pumping. For such a vacuum system, the residual gas in
the ring is mainly hydrogen molecules. The interaction
of the '71Yb" ion in the ring is dominated by the charge-
exchange (or electron-capture) reaction, that is, !71Yb* +
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H, — '71Yb + H3. The cross-sectional values for this
reaction can be written as

Uq—>q—l = anE(l; (1)

where C = 1.43 x 107'2,a = 1.17, b = -2.76, and E;, =
15.426 eV is the ionization energy of the hydrogen molecule.
The above cross section does not depend significantly on the
ion energies below 100keV. For 10 keV 171yp™* jons, the
cross section is o = 7.5 x 1016 cm?2. Under these conditions,
the expected storage lifetime for the ST ring, with the design
parameters shown in Table 1, is slightly longer than one
hour.

Small-Scale Prototype

The ring in Fig. 1 is already fairly compact. Nevertheless,
all of its relevant quantum features can be demonstrated by
building an even smaller prototype. The ring size is primar-
ily driven by the required number of qubits and the spatial
qubit separation chosen. Although there is a limit on how
small the separation can be, an initial proof-of-principle
experiment can be done with a much smaller number of
qubits than assumed for Fig. 1. The bending electric field
requirements allow us to reduce the prototype ring size to
a convenient circumference of several meters. Up to sev-
eral MV/m electrostatic bending field strengths are possible
while we estimated that a 0.0173 MV/m is needed for the
full ring as listed in Table 1. Thus, as an initial step, we
propose to build a cost-effective, small-scale prototype ST
ring and use it to demonstrate all of the relevant quantum
features expected of a full-size ring.

SUMMARY

We propose a new platform for quantum computing based
on polarized particles stored in ST rings. ST rings offer
several compelling advantages: they can store a large num-
ber of qubits, maintain quantum coherence times of several
hours, enable long storage lifetimes, and operate at room
temperature. These features make ST rings a promising
candidate for scalable quantum computing, particularly for
implementing complex algorithms requiring many quantum
operations and high qubit counts.

We further propose integrating ST rings with ion trap
systems to enhance both scalability and coherence times
in ion-based quantum computing architectures. The long
coherence times of qubits in ST rings also make them well-
suited for applications in quantum sensing and quantum
memory.

REFERENCES

[1] Yu. N. Filatov, A. M. Kondratenko, M. A. Kondratenko, Ya.
S. Derbenev, and V. S. Morozov, “Transparent Spin Method
for Spin Control of Hadron Beams in Colliders”, Phys. Rev.
Lett., vol. 124, no. 19, p. 194801, May 2020.
doi:10.1103/physrevlett.124.194801

THP: Thursday Poster Session

1118 MCS8 - Applications of Accelerators, Technology Transfer, Industrial Relations, and Outreach


https://doi.org/10.1103/physrevlett.124.194801


6th North American Particle Accel. Conf. (NAPAC2025),  Sacramento, CA, USA

JACoW Publishing

ISBN: 978-3-95450-261-5

ISSN: 2673-7000

doi: 10.18429/JACoW-NAPAC2025-THP076

1118

MC8 - Applications of Accelerators, Technology Transfer, Industrial Relations, and Outreach

THP076

THP: Thursday Poster Session

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


ISBN:

(2]

(3]

(4]

(5]

(6]

(7]

6th North American Particle Accel. Conf. (NAPAC2025), Sacramento, CA, USA
ISSN: 2673-7000

978-3-95450-261-5

Y. N. Filatov, A. M. Kondratenko, M. A. Kondratenko, Y. S.
Derbeneyv, V. S. Morozov, and A. D. Kovalenko, “Spin re-
sponse function technique in spin-transparent synchrotrons”,
Eur. Phys. J. C, vol. 80, p. 778, Aug. 2020.
doi:10.1140/epjc/s10052-020-8344-5

Yu. N. Filatov et al., “Polarization control in spin-transparent
hadron colliders by weak-field navigators involving lattice
enhancement effect”, Eur. Phys. J. C., vol. 81, p. 986, Nov.
2021.doi:10.1140/epjc/s10052-021-09750-0

T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C.
Monroe, and J. L. O’Brien, “Quantum computers”, Nature,
vol. 464, no. 7285, pp. 45-53, Mar. 2010.
doi:10.1038/nature08812

V. Mavroeidis, K. Vishi, M. D., and A. Jgsang, “The Impact
of Quantum Computing on Present Cryptography”, Interna-
tional Journal of Advanced Computer Science and Applica-
tions (IJACSA), vol. 9, p. 405, 2018.
doi:10.14569/ijacsa.2018.090354

J. Biamonte, P. Wittek, N. Pancotti, P. Rebentrost, N. Wiebe,
and S. Lloyd, “Quantum machine learning”, Nature, vol. 549,
no. 7671, pp. 195-202, Sep. 2017.
doi:10.1038/nature23474

F. Bova, A. Goldfarb, and R. G. Melko, “Commercial ap-
plications of quantum computing”, EPJ Quantum Technol.,

THP: Thursday Poster Session

MCS8 - Applications of Accelerators, Technology Transfer, Industrial Relations, and Outreach

(8]

(9]

[10]

(11]

[12]

JACoW Publishing
doi: 10.18429/JACoW-NAPAC2025-THP076

vol. 8, p. 2, Jan. 2021.
doi:10.1140/epjqt/s40507-021-00091-1

C. D. Bruzewicz, J. Chiaverini, R. McConnell, and J. M. Sage,
“Trapped-ion quantum computing: Progress and challenges”,
Appl. Phys. Rev., vol. 6, p. 021314, May 2019.
doi:10.1063/1.5088164

G. N. Nop, D. Paudyal, and J. D. H. Smith, “Ytterbium ion
trap quantum computing: The current state-of-the-art”, AVS
Quantum Sci., vol. 3, no. 4, p. 044101, Dec. 2021.
doi:10.1116/5.0065951

G. Breit and L. I. Rabi, “Measurement of Nuclear Spin”, Phys.
Rev., vol. 38, no. 11, pp. 2082-2083, Dec. 1931.
doi:10.1103/physrev.38.2082.2

K. A. Brown and T. Roser, “Towards storage rings as quantum
computers”, Phys. Rev. Accel. Beams, vol. 23, p. 054701, May
2020. doi:10.1103/physrevaccelbeams.23.054701

T. Shaftan and B. B. Blinov, “Cold ion beam in a storage
ring as a platform for large-scale quantum computers and
simulators: Challenges and directions for research and devel-
opment”, Phys. Rev. Accel. Beams, vol. 24, p. 094701, Sep.
2021.doi:10.1103/physrevaccelbeams.24.094701

THPO76
1119

@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


https://doi.org/10.1140/epjc/s10052-020-8344-5
https://doi.org/10.1140/epjc/s10052-021-09750-0
https://doi.org/10.1038/nature08812
https://doi.org/10.14569/ijacsa.2018.090354
https://doi.org/10.1038/nature23474
https://doi.org/10.1140/epjqt/s40507-021-00091-1
https://doi.org/10.1063/1.5088164
https://doi.org/10.1116/5.0065951
https://doi.org/10.1103/physrev.38.2082.2
https://doi.org/10.1103/physrevaccelbeams.23.054701
https://doi.org/10.1103/physrevaccelbeams.24.094701


6th North American Particle Accel. Conf. (NAPAC2025),  Sacramento, CA, USA

JACoW Publishing

ISBN: 978-3-95450-261-5

ISSN: 2673-7000

doi: 10.18429/JACoW-NAPAC2025-THP076

MC8 - Applications of Accelerators, Technology Transfer, Industrial Relations, and Outreach

1119

THP: Thursday Poster Session

THP076

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


