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We analyze beam-induced depolarizing effects in the hydrogen jet target (HJET) at the relativistic heavy
ion collider (RHIC), which has been used for absolute hadron beam polarimetry and shall be employed at
the electron-ion collider (EIC). The EIC’s higher bunch repetition frequencies and shorter bunch durations
shift beam harmonics to frequencies that can resonantly drive hyperfine transitions in hydrogen,
threatening to depolarize the target atoms. Using frequency-domain analysis of beam harmonics and
hyperfine transition frequencies, we establish a photon emission threshold above which beam-induced
fields are too weak to cause significant depolarization. For EIC injection (23.5 GeV) and flattop (275 GeV),
beam-induced depolarization through the bunch structure renders operation at the current RHIC magnetic
guide field at the target (B0 ¼ 120 mT) untenable. Increasing the magnetic guide field at the target to
B0 ≈ 400 mT moves all hyperfine transition frequencies to at least 3 times the cutoff frequency, ensuring
reliable absolute beam polarimetry with the required 1% precision at the EIC.

DOI: 10.1103/8nh5-l63q

I. INTRODUCTION

The electron-ion collider (EIC) is the next-generation
facility designed to explore the internal structure of
nucleons and nuclei with unprecedented precision [1].
By colliding polarized electrons with polarized protons
and ions across a wide range of species and energies, the
EIC will provide essential insights into the spin structure of
the nucleon, the origin of mass, and the role of gluons in
quantum chromodynamics [2,3].
Accurate and reliable beam polarization measurements

are essential to the success of the EIC scientific program.
The polarized hadron running modes foresee operation
with proton [4] and helium-3 (3Heþþ) beams [5] and

polarized electrons [6,7], with the potential future addition
of deuterons and other light ion species. A key performance
requirement is to deliver beam polarization P ≥ 0.7 with a
relative uncertainty of ðδPP Þ ≤ 1% [3].
To meet these challenging requirements, the beam

polarimetry shall characterize the full polarization vector
P⃗ ¼ ðPx; Py; PzÞ, track the spatial profile of the polariza-
tion in the transverse planes [8] on a bunch-by-bunch basis,
and monitor the polarization lifetime [9] throughout each
store. For the EIC physics analyses described in Ref. [3],
however, it is the projection of P⃗ onto the stable spin axis
that matters, with any transverse (in-plane) polarization
ideally minimized.
The EIC polarimetry system will combine a high-

accuracy absolute beam polarimeter, based on a polarized
atomic beam and Breit-Rabi polarimeter (BRP), with fast
relative proton-carbon (pC) polarimeters for bunch-by-
bunch monitoring of polarization profiles and beam life-
time. The polarized jet target and two pC polarimeters [10]
for horizontal and vertical measurements are presently
installed at RHIC’s interaction point (IP) 12, where they
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have been successfully operated throughout the spin pro-
gram [11,12]. For the EIC, these instruments will be
relocated to IP 4 (4 o’clock position), while a second
pC polarimeter will be deployed at IP 6 [3], collocated with
the primary detector (ePIC) and between the spin rotators,
as illustrated in Fig. 1.
It should be noted that the EIC polarimetry requirements

represent a substantial enhancement over current RHIC
capabilities, as the polarized hydrogen jet target (HJET)
was designed to achieve an absolute calibration of the
proton-carbon polarimeters to approximately 5% [11]. The
stringent 1% relative polarization uncertainty requirement
demanded by the EIC physics program necessitates a
comprehensive reassessment of all systematic effects,
including the beam-induced target depolarizing mecha-
nisms analyzed in this work.
Beam-induced depolarizing effects due to the bunch

structure of the beam, observed in polarized gas targets at
the VEPP-3 electron ring in Novosibirsk [13], at the AmPS
ring at NIKHEF [14], and in the HERMES experiment at
HERA [15,16], pose a significant risk to polarized target
operations at the EIC. This paper quantitatively assesses
such effects under the anticipated EIC beam and optics
conditions at IP 4, with the goal of ensuring reliable
operation of the polarized target and enabling absolute

beam polarimetry. The comparison to RHIC operation at IP
12 serves as a benchmark to identify and understand
depolarizing mechanisms that may arise at the EIC. The
EIC is expected to operate with substantially enhanced
beam conditions at both injection and flattop energies,
particularly in bunch number (10 × higher), bunch length
(10 × shorter), and stored beam current (3 × higher),
necessitating separate analyses for EIC injection and flattop
conditions.
The paper is organized as follows. Section II outlines the

principle of absolute beam polarimetry using the HJET and
the CNI scattering method. Section III reviews the hyper-
fine level structure of hydrogen, the transition frequencies,
and the target operation at RHIC. Section IV analyzes the
temporal and spectral properties of beam-induced magnetic
fields. Section V provides a detailed analysis of beam-
induced depolarization effects at RHIC flattop, including
resonance conditions, photon emission thresholds, and
spatial magnetic field distributions at the target.
Section VI extends this analysis to the EIC at both injection
and flattop, examining how higher bunch frequencies and
different beam parameters affect depolarization of hydro-
gen atoms when operated at the same holding field as at
RHIC, and presents a solution for reliable EIC operation.
Section VII offers concluding remarks.

II. PRINCIPLE OF ABSOLUTE BEAM
POLARIMETRY

A. Analyzing power in the CNI region

At the beam energies available at the alternating gradient
synchrotron (AGS) and RHIC, no scattering processes exist
for which the analyzing power Ay is known with sufficient
precision to achieve the beam polarization uncertainty of
ðδPP Þ ≤ 1% [17,18]. The method developed at RHIC for
absolute beam polarization measurements therefore relies
on a polarized atomic beam source (ABS) combined with a
BRP [17,19]. This technique enables an accurate determi-
nation of the target polarization Q, which is then used to
calibrate the beam polarization based on measured asym-
metries in elastic proton-proton scattering in the Coulomb-
nuclear interference (CNI) region [20–22].
The CNI asymmetry arises from the interference

between electromagnetic and hadronic amplitudes at small
momentum transfer [11,23–25]. This same electromagnetic
amplitude also governs the proton’s magnetic moment
μp ¼ gpμN ¼ 2ð1þ GpÞμN , where gp is the proton mag-
netic g-factor, Gp ¼ ðgp − 2Þ=2 is the anomalous gyro-
magnetic ratio [26]. The nuclear magneton μN ¼ eℏ=2mp

and related constants are listed in Table I.
At high energies, such as those at RHIC, the CNI region

provides a maximum analyzing power of Ay ≈ 0.046 at
t ¼ 0.003 GeV2 for pp elastic scattering [18,20]. The role
of electromagnetic interference in determining Ay and
enabling absolute polarization calibration has been

FIG. 1. Aerial view of the electron-ion collider (EIC) layout at
Brookhaven National Laboratory. The primary detector, ePIC, is
located at interaction point IP 6 (6 o’clock position). For the EIC,
the absolute HJET polarimeter and one fast proton-carbon (pC)
polarimeter will be installed at IP 4 (4 o’clock), while an
additional pC polarimeter is foreseen near IP 6. During RHIC
operation, the HJETand two pC polarimeters (one for each beam)
were located at IP 12 (12 o’clock). (Figure reflects the project
planning status as of May 2025.)
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emphasized, e.g., in Ref. [22]. Because the absolute
magnitude of Ay depends on both theoretical modeling
and experimental normalization, an accurately calibrated
polarized target (via ABS and BRP) remains essential for
achieving high-precision absolute beam polarization deter-
mination at the EIC.

B. Polarized hydrogen target setup at IP 12 in RHIC

The HJET polarimeter [17,29], presently located at IP 12
in RHIC (see Fig. 1), consists of three core components that
operate together as an integrated system. These include the
polarized ABS, a scattering chamber with a holding field
magnet, and the BRP, all arranged along a common vertical
axis, as illustrated in Fig. 2. Recoil protons are detected in
the horizontal plane, perpendicular to the directions of the
circulating beams.
The system operates under a shared vacuum maintained

by nine identical cylindrical chambers, each measuring
50 cm in diameter and 32 cm in length. The dissociator
chamber is evacuated by three turbomolecular pumps, each
of the subsequent chambers is evacuated by a pair of
turbomolecular pumps in a nine-stage differential pumping
system, with each individual pump providing a pumping
speed of 1000 L=s and a compression ratio of 106 for H2.
The ABS generates a polarized hydrogen atomic beam

with a target thickness of approximately1 × 1012 atoms=cm2

[29], enabling continuous, noninvasive operation without
disturbing the circulating beams or generating background
for other experiments. While the initial design aimed to
achieve a beam polarization uncertainty of ðδPP Þ ≤ 5% [30],
recent work reported in Ref. [31] claimed substantial reduc-
tions in systematic uncertainties to ðδPP Þsyst ≤ 0.5%. However,
the methodology applied in Ref. [31] for determining the
molecular content of the atomic beam is inappropriate and
underestimates the contribution of hydrogenmolecules in the

target. Data from the ANKEABS at COSY [32], analyzed in
Appendix A, show that the molecular content in an atomic
beam is on the order of 3% to 4%, consistent with findings
in [33,34], and contradicting the claims made in Ref. [31].
The present study evaluates the modifications necessary

for adapting the HJET polarimeter system to the EIC

TABLE I. Fundamental physical constants and hydrogen-specific parameters used for analyzing hyperfine
structure and beam-induced depolarization effects.

Quantity Symbol Value Unit Reference

Hyperfine frequency of hydrogen fhfs 1.420405748 × 109 Hz [27]
Boltzmann constant kB 1.380649 × 10−23 JK−1 [28]
Hydrogen atom mass mH 1.6735575 × 10−27 kg [28]
Gyromagnetic ratio of H (electron) γH=2π 28.025 × 109 Hz T−1 [28]
Planck constant h 6.62607015 × 10−34 J s [28]
Elementary charge e 1.602176634 × 10−19 C [28]
Permeability of free space μ0 4π × 10−7 Hm−1 [28]
Electron mass me 9.1093837015 × 10−31 kg [28]
Proton mass mp 1.67262192369 × 10−27 kg [28]
Bohr magneton μB ¼ eℏ

2me
5.7883818 × 10−5 eVT−1 [28]

Nuclear magneton μN ¼ eℏ
2mp

3.1524513 × 10−8 eVT−1 [28]

Electron g-factor gJ 2.0023193 � � � [28]
Proton g-factor gI 5.5856947 � � � [28]

FIG. 2. Schematic layout of the HJET polarimeter, taken from
Ref. [17], showing the atomic beam source, the scattering
chamber, and the Breit-Rabi polarimeter. The detector geometry
and coordinate system are detailed in Fig. 3.
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environment, where significantly higher beam currents and
increased bunch repetition frequencies present new chal-
lenges compared to RHIC, with the goal of achieving a
relative systematic uncertainty of ðδPP Þ ≤ 1%. While addi-
tional modifications may be required, the adaptations
identified in this study are definitively necessary for
successful operation under EIC conditions.

C. Absolute polarization calibration

The polarized atomic beam intersects the circulating
hadron beam in a vacuum chamber equipped with silicon
strip detectors positioned on both sides of the beam axis, as
illustrated in Fig. 3. The blue detector pair measures the
scattering asymmetry of the blue beam, and the yellow pair
does the same for the yellow beam. From these scattering
asymmetries, the vertical beam polarization component Py
is extracted [31].
With the present setup of detectors to the left (L) and

right (R) of the beams at IP 12 in RHIC (Fig. 3), and a
magnetic guide field of

B⃗0 ¼ B0e⃗y; (1)

where B0 ≈ 120 mT, the vertical beam polarization com-
ponent Py can be absolutely determined in the CNI region
near θc:m: ¼ 90° based on the target polarization Qy,
determined by the BRP. The relation governing the
beam polarization dependence of scattered protons is given
by [35]

σðθ;ϕÞ ¼ σ0ðθÞ½1þ AyðθÞPy cosϕ�; (2)

where θ denotes the scattering angle, σ0 is the unpolarized
cross section, ϕ is the azimuthal scattering angle, and Ay is
the corresponding analyzing power. When the sign of the
vertical target polarization Qy is periodically reversed to
compensate for asymmetries caused by differences in the
detector geometry or detector efficiency in the L and R
directions [39], the target asymmetry is determined from
the accumulated number of counts in the detectors via

ϵtarget ¼
L − R
Lþ R

¼ Ay Qy: (3)

A measurement of the corresponding asymmetry with
beam particles determines ϵbeam. In elastic pp scattering,
and more general in the elastic scattering of identical
particles, Ay is the same regardless of which particle is
polarized. The beam polarization Py is then obtained from

Py ¼
εbeam
εtarget

Qy: (4)

When beam and target particles are both polarized,
detector systems with full azimuthal coverage provide
access to the other two components of the beam polariza-
tion, Px and Pz, as established in, e.g., Refs. [40,41].
Obviously, with an unpolarized target, due to parity
conservation as in, e.g., proton-proton scattering, the
longitudinal beam polarization component Pz cannot be
directly measured.
The polarimeters envisioned for proton beams at the EIC

will combine a high-precision absolute polarimeter, based
on an ABS and a BRP, with two fast and flexible relative pC
polarimeters in IP 4 and IP 6. While the polarized hydrogen
jet target technology developed for RHIC provides a
proven foundation, the substantially higher beam intensities
and bunch repetition frequencies at the EIC necessitate a
comprehensive reassessment of beam-induced depolariza-
tion effects and a refined experimental design. This
includes both the achievement of a beam polarization
measurement to a precision of ðΔPP Þ ≤ 1% and the capability
to determine the complete beam spin vector P⃗. Other
critical aspects, such as the determination of the absolute
nuclear target polarization using the BRP with the accuracy
required for achieving the above beam polarization pre-
cision, will be addressed in forthcoming work.

III. THE HYPERFINE STRUCTURE
OF HYDROGEN

The hydrogen atom’s hyperfine structure arises from the
magnetic interaction between the proton and electron spins.
This coupling creates an energy landscape that is exqui-
sitely sensitive to external magnetic fields—both static and
time-varying. Understanding this structure is essential

FIG. 3. Sketch of the detector setup at the HJET at RHIC. The
atomic H⃗ beam enters from above and intersects the hadron
beams orthogonally. Recoil protons are detected using silicon
strip detectors placed symmetrically to the left and right of the
vertically separated blue and yellow beams. 8 Si strip detectors
are used with 12 vertical strips, each with a pitch of w ¼ 3.75 mm
and 500 μm thickness. The coordinate system is indicated with
e⃗xk to ring plane, e⃗y⊥ to ring plane, and e⃗z along the beam
momentum.
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because beam-induced rf fields can resonantly drive tran-
sitions between these levels, potentially destroying the
nuclear polarization that the target provides for absolute
beam polarimetry. The beam bunch structure generates
time-varying electromagnetic fields that can resonantly
drive hyperfine transitions in the hydrogen target, leading
to depolarization of the target atoms.

A. Breit-Rabi energy levels and field dependence

In the absence of an external magnetic field, the ground
state of hydrogen exhibits hyperfine structure due to the
interaction between the electron and nuclear spins [42–44],
resulting in two energy levels: a higher-energy triplet state
with total angular momentum F ¼ 1 (threefold degenerate
withmF ¼ −1; 0;þ1) and a lower-energy singlet state with
F ¼ 0 (mF ¼ 0). When an external magnetic field is
applied, the degeneracy of the F ¼ 1 level is lifted through
the Zeeman effect, splitting it into three distinct energy
levels corresponding to the three possible values ofmF. The
F ¼ 0 state, having no magnetic moment in the coupled
representation, shifts in energy but remains a single level.
This magnetic field-induced splitting transforms the origi-
nal two-level system into the four energy levels j1i, j2i, j3i,
and j4i.
These four hyperfine states can be precisely defined in

the uncoupled basis fjmJ;mIigwhere both the electron and
nuclear spin projections mJ;mI ¼ � 1

2
are specified inde-

pendently,

j1i ¼
����þ 1

2
;þ 1

2

�
¼ je↑p↑i ðmF ¼ þ1Þ

j2i ¼
����þ 1

2
;− 1

2

�
¼ je↑p↓i ðmF ¼ 0Þ

j3i ¼
���� − 1

2
;− 1

2

�
¼ je↓p↓i ðmF ¼ −1Þ

j4i ¼
���� − 1

2
;þ 1

2

�
¼ je↓p↑i ðmF ¼ 0Þ;

(5)

where mF ¼ mJ þmI is the total magnetic quantum
number, and the arrow notation indicates the relative
orientation of electron (e) and nuclear (p) spins. States
j1i and j3i have definite total angular momentum F ¼ 1
with mF ¼ þ1 and mF ¼ −1, respectively, while states j2i
and j4i, both having mF ¼ 0, form a coupled system that
mixes under the influence of external magnetic fields.
The energy levels of these states in an external magnetic

field can be quantitatively described by the Breit-Rabi
formula [45]. For an atom with total electron angular
momentum J ¼ 1

2
and nuclear spin I ¼ 1

2
, the energy levels

are given by

EF;mF
ðBÞ ¼ −Ehfs

4
þ gIμNmIB� Ehfs

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2mFxþ x2

q
;

(6)

where Ehfs ¼ hfhfs is the zero-field hyperfine splitting, gI is
the nuclear g-factor of the proton, μN is the nuclear
magneton, mI ¼ � 1

2
is the nuclear spin projection, and

mF is the magnetic quantum number of the total angular
momentum F. The� sign corresponds to the F ¼ 1 (upper
sign) and F ¼ 0 (lower sign) hyperfine levels. The dimen-
sionless field strength parameter x is defined as

x ¼ gJμBB
Ehfs

; (7)

where gJ is the electron g-factor and μB is the Bohr
magneton (see Table I for numerical values). The first
term in Eq. (6) represents the zero-field energy offset, the
second term describes the nuclear Zeeman effect (inter-
action of the nuclear magnetic moment with the external
field), and the square root term captures the combined
hyperfine and electron Zeeman interactions.
The ground-state hyperfine splitting in hydrogen is

known with exceptional precision. A recent measurement
yielded

fhfs ¼ ð1420405748.4� 3.4stat � 1.6systÞ Hz; (8)

as reported in Ref. [27]. In energy units, using the measured
hyperfine frequency fhfs and Planck’s constant h from
Table I, the hyperfine splitting energy is given by

Ehfs ¼
hfhfs
e

¼ 5.87432617 × 10−6 eV: (9)

The magnetic field Bc at which the Zeeman interaction
equals the hyperfine interaction (i.e., x ¼ 1) is

Bc ¼
Ehfs

gJμB
≈ 50.684 mT; (10)

where the CODATA 2018 [28] values from Table I
for h, e, and me were used and the classical definition
μB ¼ eℏ=ð2meÞ.
For the simplified energy expressions that follow, the

nuclear Zeeman term gIμNmIB in Eq. (6) is omitted since it
is negligible compared to the hyperfine and electron
Zeeman interactions (the nuclear magneton is approxi-
mately 1836 times smaller than the Bohr magneton). The
hyperfine energies, whose complete derivation is presented
in Appendix B, can be written as
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Ej1iðxÞ ¼
Ehfs

2

�
− 1

2
þ ð1þ xÞ

�
;

Ej2iðxÞ ¼
Ehfs

2

�
− 1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2

p �
;

Ej3iðxÞ ¼
Ehfs

2

�
− 1

2
þ ð1 − xÞ

�
;

Ej4iðxÞ ¼
Ehfs

2

�
− 1

2
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2

p �
;

(11)

where the different states are labeled according to their total
and magnetic quantum numbers jF;mFi, as shown in
Fig. 4. As the external field increases, the relevant quantum
numbers change from the coupled representation F;mF to
the uncoupled basismI;mJ. The expressions in Eq. (11) are
valid for all magnetic field strengths, transitioning
smoothly from the weak-field Zeeman regime (x ≪ 1)
through the intermediate regime to the strong-field
Paschen-Back limit (x ≫ 1). In the high-field (Paschen-
Back) limit, the eigenstates effectively become pure prod-
uct states of nuclear and electron spin projections.
The nuclear target polarization of each hyperfine state

also depends on the magnetic field strength through the
parameter x. As derived in Appendix B, the field-dependent
nuclear polarizations are given by

Qj1iðxÞ ¼ þ1 ðconstantÞ;
Qj2iðxÞ ¼ − xffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ x2
p ;

Qj3iðxÞ ¼ −1 ðconstantÞ;
Qj4iðxÞ ¼ þ xffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ x2
p ;

(12)

and are depicted in Fig. 5. States j1i and j3i maintain
constant nuclear polarizations of þ1 and −1, respectively,
while the mixed states j2i and j4i exhibit field-dependent
polarizations that evolve from 0 in the weak-field limit to
�1 in the strong-field limit.

B. Hyperfine transition frequencies in hydrogen

As the magnetic field increases, the energies of the
hyperfine states evolve, leading to field-dependent tran-
sition frequencies between them. The energies EjiiðBÞ
entering these transitions are given by the parametrization
in Eq. (11), expressed as a function of the dimensionless
parameter x, defined in Eq. (7). The transition frequency
between two hyperfine states jii and jji is then given by

fijðBÞ ¼
EjiiðBÞ − EjjiðBÞ

h
: (13)

There are six allowed transitions between the four
hyperfine states. Following the classification scheme
[46] introduced by Ramsey [42] (p. 242), they are grouped
according to the orientation of the rf field B1 relative to the
static magnetic field B0 and the associated selection rules:
(1) π-transitions (B1⊥B0): These occur within the same F
multiplet and obey ΔF ¼ 0, ΔmF ¼ �1. The two
π-transitions are: (i) fπ12: between j1i and j2i and (ii) fπ23:
between j2i and j3i. (2) σ-transitions (B1kB0): These occur
between different F multiplets and satisfy ΔF ¼ �1,
ΔmF ¼ 0;�1. The three σ-transitions are: (i) fσ14: between
j1i and j4i; (ii) fσ24: between j2i and j4i; and (iii) fσ34:
between j3i and j4i. (3) Two-photon transition (ΔmF ¼ 2):
Forbidden as a single-photon process due to selection rules,
this transition can occur through two-photon absorption:

FIG. 4. Hyperfine energy levels of hydrogen j1i to j4i labeled
with their quantum numbers F, mF, mI , mJ vs magnetic field,
using Eq. (11) with Ehfs from Eq. (9) and Bc from Eq. (10). The
bottom axis is in units of x ¼ B=Bc, the top axis gives B in mT.

FIG. 5. Nuclear target polarization of hydrogen hyperfine states
as a function of the dimensionless magnetic field parameter
x ¼ B=Bc, as given by Eq. (12). States j1i and j3i maintain
constant nuclear polarizations of þ1 and −1, respectively, at all
field strengths. The mixed states j2i and j4i exhibit field-
dependent polarizations that evolve from 0 in the weak-field
limit (x → 0) to �1 in the strong-field limit (x → ∞).
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(i) f2γ13: between j1i and j3i.
These six transition frequencies, representing all possible

transitions between the four hyperfine states, are plotted in
Fig. 6 as a function of magnetic field up to 4Bc.

C. RHIC hydrogen jet target operation

In the polarized hydrogen jet target, atoms are prepared
in specific hyperfine state combinations by the atomic
beam source, typically j1i þ j4i or j2i þ j3i. These par-
ticular combinations are chosen because they maximize
atomic beam intensity while maintaining high polarization,
as the nuclear polarization components of these states are
nearly identical, allowing efficient population of both states
without significant polarization loss.
The RHIC hydrogen jet target operates at a nominal

holding field of B0 ¼ 120 mT (≈2.4Bc), placing it in the
regime where hyperfine and Zeeman interactions are
comparable. The efficiencies (or transmissions) of the
atomic hyperfine states being transported in the magnetic
focusing system of the source to the interaction point
depend on the effective magnetic moments [47]. The BRP
measures the relative populations of the hyperfine states in
the beam to determine the target polarization. Thus states
j2i and j4i, which have field-dependent effective magnetic
moments (as evident from the varying slopes in Fig. 4),
experience different transmission efficiencies in the ABS
compared to states j1i and j3i with constant effective
magnetic moments, altering the target polarization even
under idealized conditions. Any process that redistributes
these populations—such as beam-induced rf transitions—
directly affects the nuclear target polarization and thus the
accuracy of absolute proton beam polarimetry. The tran-
sition frequencies calculated above establish which rf field
components from the circulating beam can resonantly drive
such depolarizing transitions.

IV. TEMPORAL EVOLUTION AND SPECTRAL
PROPERTIES OF BEAM-INDUCED MAGNETIC

FIELDS AT RHIC

Electromagnetic fields generated by the circulating beam
bunches are the primary drivers of potential depolarization
in the hydrogen target, as they can resonantly excite
hyperfine transitions when their frequency components
match the transition frequencies discussed in Sec. III.
For the RHIC analysis presented in this section, we focus

exclusively on flattop operation at 255 GeV for two
practical reasons. First, there is very limited experimental
data available for nuclear target polarization measurements
at injection energy due to insufficient statistics, whereas at
flattop the polarized hydrogen target has been operated
continuously throughout the typically 8-h store duration.
Second, the transverse beam size at injection is generally
larger than at flattop by approximately a factor of
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γflat=γinj

p
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
255 GeV=23.5 GeV

p
≈

ffiffiffiffiffi
11

p
, resulting in

correspondingly smaller magnetic field amplitudes at the
target location. The flattop analysis therefore represents the
more critical scenario and establishes a well-characterized
benchmark for comparison with the EIC conditions ana-
lyzed in Sec. VI.
The analysis proceeds by first characterizing the tem-

poral structure of individual bunches and the resulting
periodic pulse train, then deriving the frequency-domain
spectrum that determines which hyperfine transitions can
be resonantly driven by the beam-induced fields.

A. Bunch time structure and pulse shape

At RHIC, the circulating beam is composed of Nb ¼ 120
equally spaced bunches, each containing approximately
Np ¼ 2 × 1011 protons. For the present discussion, the
abort gap is neglected. The longitudinal profile of each
individual bunch is approximated by a Gaussian current
distribution in time,

IbðtÞ ¼
Qbffiffiffiffiffiffi
2π

p
σt
exp

�
− t2

2σ2t

�
; (14)

where Qb ¼ Npe is the total bunch charge and σt is the
temporal width of the bunch. For RHIC at top energy, the
bunch length is approximately σL ¼ 0.55 m in the lab
frame, which yields a time-domain width of

σt ¼
σL
βc

; (15)

with β ≈ 1. This corresponds to a temporal bunch width of
σt ≈ 1.84 ns, and, using Eq. (14), a peak current of a single
bunch of Ipkb ¼ Qb=ð

ffiffiffiffiffiffi
2π

p
σtÞ ≈ 6.97 A for RHIC flattop

parameters.
The full set of machine and bunch parameters is

summarized in Table II. A graphical representation of

FIG. 6. Magnetic-field dependence of the transition frequencies
fijðBÞ between the hydrogen hyperfine states, calculated using

Eq. (13). The transitions are labeled as fπij, f
σ
ij, or f

2γ
ij according to

their selection rules and field orientation. All frequencies are
shown in GHz as a function of the magnetic field up to 4Bc.
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the bunch current profile is shown in Fig. 7(a), illustrating
the temporal shape used in subsequent frequency-domain
analyses. Figure 7(b) shows two consecutive RHIC
bunches at flattop and their temporal spacing.

B. Modeling the bunch train as a periodic source

We begin by analyzing the frequency content of the
bunch current and the resulting rf magnetic field spectrum.
Each individual bunch is described by a temporal current

distribution IbðtÞ, as shown in Fig. 7(a). The full beam
current IðtÞ as seen by a stationary observer is modeled as a
convolution of the single-bunch profile with a comb of
delta functions spaced by the bunch interval τb via

IðtÞ ¼ IbðtÞ �
X∞
n¼−∞

δðt − nτbÞ: (16)

The symbol � denotes the convolution operator, defined for
two functions fðtÞ and gðtÞ as

ðf � gÞðtÞ ¼
Z

∞

−∞
fðt0Þgðt − t0Þdt0; (17)

where t0 is a dummy integration variable. In the present
context, this operation replicates the single-bunch current
profile IbðtÞ at each multiple of the bunch spacing τb,

producing a periodic pulse train with a harmonic structure
that reflects the bunch frequency fb ¼ 1=τb. Understanding
this temporal structure is essential for analyzing the beam-
induced radiofrequency fields that can depolarize the atoms
in the target.

C. Frequency-domain spectrum of the beam

We now determine the time structure of the circulating
beam and its harmonic content by extending the single-
bunch description to a periodic bunch train.
The total time-dependent current IðtÞ of the circulating

RHIC beam at flattop is constructed as a convolution of the
single-bunch current profile IbðtÞ with a Dirac combP

n δðt − nτbÞ of period τb, as given in Eq. (16). The
convolution of a localized function with a delta train yields
a periodic pulse train of the same shape, replicated every τb.
Due to the periodicity of the resulting current signal, the

spectral content consists of harmonics of the bunch
frequency fb ¼ 1=τb, modulated by the Fourier transform
of the individual bunch shape.

1. Analytical form of the Gaussian bunch spectrum

The Fourier transform of the Gaussian current distribu-
tion from Eq. (14) is well known and yields a Gaussian in
the frequency domain, given by

ĨbðfÞ ¼ Ipkb exp ð−2π2f2σ2t Þ; (18)

where f is the frequency and σt the bunch width. This can
also be written as ĨbðfÞ ¼ Ipkb expð−f2=2σ2fÞ with the
frequency-domain width σf ¼ 1=ð2πσtÞ. This expression
describes the envelope of the spectral intensity of the bunch
pulse train, falling off exponentially with frequency. The
full spectrum of the periodic train is thus given by

ĨðfÞ ¼ ĨbðfÞ
X∞
n¼−∞

δðf − nfbÞ: (19)

2. Numerical evaluation of the Fourier spectrum

To validate the analytical result with a numerical
calculation, the bunch train signal IðtÞ was sampled over
a time window of 2τrev with N ¼ 106 points. The time
resolution and sampling frequency are

Δt ¼ 2τrev
N

; fs ¼
1

Δt
; (20)

where fs is the sampling frequency. The FFT [48] of the
sampled current signal yields a complex-valued spectrum
YðfnÞ on the frequency grid

fn ¼
nfs
N

; n ¼ 0; � � � ; N=2: (21)

FIG. 7. Temporal current profiles of RHIC bunches on flattop at
255 GeV. Panel (a) Single Gaussian bunch current profile IbðtÞ
from Eq. (14) with Gaussian width t and bunch charge Q, as
listed in Table II. Panel (b) Two consecutive Gaussian bunches,
separated by the nominal bunch spacing τb.
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From this, we define the two-sided amplitude spectrum

P2ðfÞ ¼
1

N
jFFT½IðtÞ�j (22)

and theone-sidedamplitude spectrumforpositive frequencies,

P1ðfÞ ¼
�

P2ðfÞ; f ¼ 0;
2P2ðfÞ; f > 0:

(23)

To assess consistency with the analytical model, we
normalize both P1ðfÞ and the envelope ĨbðfÞ to their
respective maxima and overlay them.
Figure 8 confirms that the numerical FFT closely follows

the analytic envelope ĨbðfÞ over more than an order-of-

magnitude. The peaks shown in the inset appear at integer
multiples of fb, labeled by their harmonic number
n ¼ f=fb, as expected from the periodic pulse structure.
The FFT result shown in Fig. 8 is proportional to the
spectral amplitude of the rf magnetic field BðfÞ generated
by the bunched beam at the target. The y axis is labeled as
B=Bmax to reflect the normalization. For depolarization
processes, however, the number of rf photons is propor-
tional to the field power jBðfÞj2, i.e., the square of the
displayed quantity.

3. Resolution limit of the discrete spectrum

The frequency resolution Δf ¼ fs=N in this analysis is
governed by the total time window T ¼ NΔt, so that

TABLE II. Beam bunch and machine parameters for RHIC flattop and EIC injection and flattop nominal
conditions. The average beam current Iavg corresponds to the equivalent dc current that would deliver the same total
charge flow as the bunched beam circulating at revolution frequency frev. The bottom part lists the transverse beam
parameters at the HJET locations in IP 12 (RHIC) and IP 4 (EIC) that is used to evaluate the magnetic field BðrÞ
from the bunch current distribution.

RHIC at IP 12 EIC at IP 4

Quantity Symbol/definition Unit Flattop Injection Flattop

Total beam energy Ebeam GeV 255 23.5 275
Lorentz factor (lab) β � � � 1.0000 0.9992 1.0000
Lorentz factor (lab) γ � � � 271.7762 25.0460 293.0920
Protons per bunch Np 1010 20 27.6 6.9
Bunch charge Qb ¼ Npe nC 32.044 44.220 11.055
Number of bunches Nb � � � 120 290 1160
Circumference L m 3833.85
Bunch length (rms) σL m 0.55 0.24 0.06
Temporal bunch width (rms) σt ¼ σL=ðβcÞ ns 1.835 0.801 0.200
Peak current (per bunch) Ipkb ¼ Qb=ð

ffiffiffiffiffi
2π

p
σtÞ A 6.968 22.019 22.036

Revolution time τrev ¼ L=ðβcÞ μs 12.792 12.802 12.792
Revolution frequency frev ¼ 1=τrev kHz 78.175 78.113 78.175
Bunch spacing τb ¼ τrev=Nb ns 106.598 44.144 11.027
Bunch frequency fb ¼ 1=τb MHz 9.381 22.653 90.683
Average beam current Iavg ¼ NbNpefrev A 0.301 1.002 1.003

Normalized rms emittance (horizontal) ϵnx μm 2.5 3.3 3.3
Normalized rms emittance (vertical) ϵny μm 2.5 0.3 0.3
Normalized average rms emittance ϵnavg ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
ϵnx · ϵny

p
μm 2.5 0.995 0.995

Beta function (horizontal) βx m 5.340a 93.600b 230.323b

Beta function (vertical) βy m 6.190a 39.590b 69.935b

Average beta function βavg ¼
ffiffiffiffiffiffiffiffiffi
βxβy

p
m 5.749 60.874 126.916

Transverse rms beam size (horizontal) σx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βx ϵ

n
x=ðβγÞ

p
mm � � � 3.513 1.610

Transverse rms beam size (vertical) σy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βy ϵ

n
y=ðβγÞ

p
mm � � � 0.689 0.268

Transverse 95% beam size (horizontal) σ95x ¼ σx ·
ffiffiffiffiffiffiffiffiffiffiffi
5.993

p
mm � � � 8.600 3.942

Transverse 95% beam size (vertical) σ95y ¼ σy ·
ffiffiffiffiffiffiffiffiffiffiffi
5.993

p
mm � � � 1.686 0.655

Radial rms beam size σr ¼ ffiffiffiffiffiffiffiffiffi
σxσy

p mm 0.23 1.566 0.656
Radial beam size (95%) σ95r ¼ σr ·

ffiffiffiffiffiffiffiffiffiffiffi
5.993

p
mm 0.56 3.808 1.607

aIn RHIC run 22, the β functions at the location of the HJET in IP 12 were determined by Guillaume Robert-
Demolaize in January 2022.

bValues for the future location of the HJET in IP 4 were generated by Henry Lovelace III for flattop (July 2024)
and injection (May 2025).
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Δf ¼ 1

T
¼ 39.1 ∼ kHz (24)

for the chosen parameters, providing approximately 240
frequency bins per harmonic spacing of fb and adequate
resolution to identify the resonance conditions within
�19 kHz required for hyperfine transition analysis.
Sufficient spectral resolution requires a long sampling
interval in time, whereas frequency coverage is determined
by the sampling rate fs.

V. BEAM-INDUCED DEPOLARIZATION OF
HYDROGEN AT RHIC

We now examine how the rf spectrum of the circulating
RHIC beam interacts with the internal hyperfine structure
of hydrogen atoms in the target. The analysis evaluates
resonance conditions, calculates photon emission rates,
determines spatial field distributions, and assesses the
impact on target polarization to establish operational safety
thresholds.
The RHIC flattop conditions analyzed in this section

serve to develop and validate the computational framework,
which is subsequently applied to EIC injection and flattop
scenarios in Sec. VI.

A. Hyperfine transitions and resonance conditions

The bunched proton beam at RHIC generates a broad-
band spectrum of time-varying electromagnetic fields that
can resonantly drive transitions between hyperfine levels in
hydrogen atoms. These transitions are induced primarily by
the magnetic component of the beam’s rf field, which
couples to the magnetic dipole moments of the atom.

The depolarization of atomic hydrogen in the presence of
the RHIC beam arises when the frequency of a beam-
induced rf magnetic field matches a hyperfine transition
frequency fijðBÞ at a given holding field B. Since the beam
spectrum consists of discrete harmonics of the bunch
frequency fb ≈ 9.381 MHz, resonant transitions are pos-
sible when

fijðBÞ ¼ nfb; n∈N: (25)

Figure 6 shows the field dependence of the six hyperfine
transition frequencies in absolute units (GHz). These cover
a range from below 0.1 GHz up to 6 GHz as B varies from 0
to 200 mT. Not all six hyperfine transitions shown in Fig. 6
contribute to depolarization. Transitions that leave the
nuclear spin quantum number mI unchanged, such as
j1i ↔ j4i and j2i ↔ j3i, do not affect the hydrogen
nuclear polarization in the target and are therefore excluded
from further analysis. However, when analyzing the polari-
zation of the ensemble using the BRP, the transitions
between states with the same nuclear spin must be
considered, as they affect the transmission through the
sextupole magnets, and thus the polarization measurement
in the BRP.
To identify potential depolarization resonances, we

evaluate the magnetic-field dependence of the remaining
four transitions and express them both in absolute units
(GHz) and in terms of the harmonic number n ¼ fij=fb,
relative to the RHIC bunch frequency fb ≈ 9.381 MHz.
The visualization in Fig. 9 illustrates where resonant
conditions are met. For example, at the magnetic field of
B0 ≈ 120 mT where the hydrogen jet target is operated,
multiple transitions such as fπ12, f

2γ
13, and fσ34 lie within a

FIG. 8. Comparison of the numerically obtained one-sided
normalized FFT amplitude spectrum (blue) of the rf magnetic
field BðfÞwith the analytical envelope (dashed red) from Eq. (18)
for the conditions on RHIC flattop. The frequency axis is shown
in MHz. Harmonic numbers n ¼ f=fb are labeled near the peaks.
The numerically computed bunch repetition frequency fRHICb in
the inset agrees well with the analytically calculated one from
Table II.

FIG. 9. Hyperfine transition frequencies fijðBÞ expressed as
harmonic numbers fijðBÞ=fb, relevant for the RHIC bunch
structure (Fig. 7). Dots indicate resonance points where the
transition frequency satisfies fijðBÞ ≈ nfb within a tolerance of
0.002, corresponding to harmonic overlap with the bunch
spectrum. In the vicinity of the static magnetic holding field
B0 ¼ 120 mT, the spacing between adjacent relevant resonance
points is approximately 4 mT.
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few MHz of a beam harmonic. Such coincidences open
depolarization channels, provided the rf spectral power at
the corresponding harmonic is sufficiently large.
To visualize these resonant conditions, the harmonic

number n ¼ fijðBÞ=fb is plotted as a function of B for each
relevant hyperfine transition. Discrete markers highlight
those magnetic field values where the transition frequency
closely matches an integer multiple of the bunch frequency,
specifically when���� fijðBÞfb

−m

���� < 0.002; with m∈Z: (26)

These resonance conditions establish which hyperfine
transitions can potentially be driven by the beam spectrum,
but do not determine whether sufficient rf power exists at
those frequencies to cause significant depolarization.

B. Photon emission rate and spectral thresholds

Having identified the resonance conditions for hyperfine
transitions, we now estimate whether the beam-induced rf
field carries sufficient power at those frequencies to induce
significant depolarization.

1. Theoretical framework and broadening effects

The frequency-domain envelope of the bunch train is
governed by the Fourier transform of the single-bunch
Gaussian profile, given in Eq. (18). This describes the
spectral amplitude ĨbðfÞ in terms of the peak bunch current
Ipkb and the rms bunch width σt, and determines the
harmonic content of the rf fields generated by the circulat-
ing beam.
To convert this current spectrum into a magnetic field

amplitude spectrum BðfÞ at a transverse distance r from the
beam axis, we use the expression

BðfÞ ¼ μ0
2πr

IðfÞ; (27)

where μ0 ¼ 4π × 10−7 H=m is the permeability of free
space. The expression for BðfÞ follows from the Biot-
Savart law for a straight current element at distance r from
the beam axis.
The energy density associated with the magnetic field

amplitude at frequency f is given by

uðfÞ ¼ BðfÞ2
μ0

; (28)

so that the photon emission rate per unit bandwidth
becomes

ṄγðfÞ ¼
uðfÞ
hf

V int

τint
¼ 1

μ0

BðfÞ2
hf

V int

τint
: (29)

Here V int ¼ Lintπr2at:beam ≈ 2.40 × 10−6 m3 is the effective
interaction volume swept out by the atomic beam of radius
rat:beam ¼ 5 mm along the interaction length Lint ¼ l1 ¼
30.6 mm in the upper half of the RHIC target chamber (see
Fig. 10). The interaction time is τint ¼ Lint=vatom and the
atomic beam velocity vatom ≈ 1807 m=s [49], yield-
ing τint ≈ 17 μs.
In this approximation, we neglect both the velocity

distribution of the atomic beam and the finite width of
the hyperfine resonances, treating transitions as occurring
at discrete harmonic frequencies with a single representa-
tive atomic velocity vatom.
However, these previously neglected effects introduce

significant broadening mechanisms that influence the
resonance conditions. For hydrogen atoms emitted from
a thermal source at temperature T ¼ 80 K, the Maxwell-
Boltzmann velocity distribution

fðvÞ ¼
ffiffiffi
2

π

r �
mH

kBT

�
3=2

v2 exp

�
−mHv2

2kBT

�
; (30)

where mH is the mass of the hydrogen atom, and kB the
Boltzmann constant (Table I), which yields a thermal
velocity spread along the beam axis with standard deviation

σthermal ¼
ffiffiffiffiffiffiffiffi
kBT
mH

s
¼ 812 m=s: (31)

This velocity distribution results in Doppler broadening of
the transition frequency with standard deviation

σDopplerf ¼ f0
σthermal

c
≈ f02.71 × 10−6: (32)

FIG. 10. Side view of the RHIC target chamber to illustrate the
interaction volume (see also Fig. 2). The atomic beam enters from
the top. The height of the target chamber is hch ¼ 419.1 mm. The
distance between the exit of the rf transition unit in the ABS and
the RHIC beam amounts to l1 ¼ 30.6 mm. The beam is assumed
to have a transverse radius of ≈5 mm as it travels downward into
the BRP.
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For the hyperfine transition at f0 ¼ 1.42 GHz, this yields

σDopplerf ≈ 3.85 KHz: (33)

Additionally, power broadening arises when the rf
magnetic field induces magnetic moment precession at
the Rabi frequency

fRabi ¼ γHB1 ¼
gJμBB1

2πℏ
; (34)

where B1 ¼ 200 μT represents the rf field amplitude
averaged over the frequency spectrum (approximately 3σ
of the Gaussian envelope shown in Fig. 8), accounting for
the range of frequencies that contribute to power broad-
ening and γH=2π ≈ 28.025 GHzT−1 is the gyromagnetic
ratio of the hydrogen ground state (Table I). This yields a
precession frequency of

fRabi ≈ 5.61 MHz: (35)

For consistent treatment with the Doppler contribution, the
effective power broadening is expressed as a standard
deviation via σpowerf ¼ fRabi=ð2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p Þ, so that the com-
bined effective linewidth, assuming Gaussian contribu-
tions, is given by

σtotalf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσDopplerf Þ2 þ ðσpowerf Þ2

q
≈ 2.38 MHz: (36)

This broadening has implications for the harmonic
analysis and leads to a fundamental limitation of our
approach. The discrete harmonic method identifies reso-
nance conditions by requiring exact frequency matches
between hyperfine transition frequencies and beam har-
monic frequencies. Since our analysis only flags exact
frequency matches, it provides a lower bound on depo-
larization risks by not accounting for these near-resonant
effects.
The implications for the harmonic spacing are favorable:

while the 2.38 MHz linewidth is much larger than the
precision required for exact matching, it remains small
compared to the harmonic spacing (9.381 MHz), ensuring
that neighboring harmonics do not overlap. This validates
the discrete harmonic approach while acknowledging that
additional transitions within 2.38 MHz of any harmonic
frequency could exhibit resonant behavior beyond what our
threshold determination captures.

2. Quantitative analysis and threshold determination

We now apply the theoretical framework developed
above to calculate the actual photon emission rates and
determine depolarization thresholds for RHIC operating
conditions.

To account for the vertical variation of the azimuthal
magnetic field along the atomic flight path in the upper half
of the chamber, the field amplitude BðfÞ in Eq. (29) is
replaced by its vertical average hBðfÞi, defined as

hBðfÞi ¼ 1

Lint

Z
Lint

0

Bðf; rÞdr; (37)

so that BðfÞ2 → hBðfÞi2 in Eq. (29). This averaging is
necessary because atoms travel through regions of varying
magnetic field strength along their vertical flight path
toward the target region (see Fig. 10).
To obtain the total time-averaged photon flux of the full

circulating beam from Eq. (29), the spectral emission rate
must be scaled by the effective duty cycle. Defining the
average photon emission rate as Ṅavg

γ ðfÞ, we write

Ṅavg
γ ðfÞ ¼ ṄγðfÞfbτt; (38)

where fb is the bunch repetition frequency (Table II) and
τt ¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σt ≈ 4.32 ns is the FWHM of the temporal

bunch duration. This correction reflects the fact that
significant magnetic field amplitudes exist only during
the brief bunch passage. The result, Ṅavg

γ ðfÞ, represents the
physically relevant time-averaged spectral photon rate, i.e.,
a spectral photon density with units of [photons/s/Hz]. To
determine the total photon rate relevant for depolarization,
this spectral density must be converted to a total rate by
multiplying by the effective resonance linewidth σtotalf from
Eq. (36),

Ṅavg
γ;totalðfÞ ¼ Ṅavg

γ ðfÞ × σtotalf : (39)

This total rate [photons/s] can then be directly compared to
depolarization thresholds established below.
The result of this calculation is shown in Fig. 11, where

the left axis displays the photon emission rate Ṅavg
γ;totalðfÞ,

and the right axis shows the corresponding averaged
magnetic field amplitude hBðfÞi [Eq. (37)]. To induce
significant depolarization, the photon emission rate at a
given harmonic must be high enough to affect a non-
negligible fraction of atoms present in the interaction
volume at any given moment. Based on typical HJET
operating conditions, the atomic flux through the inter-
action region isΦ ¼ ð12.4� 0.2Þ × 1016 atoms=s with a jet
target thickness along the RHIC beam of ð1.3� 0.2Þ ×
1012 atoms=s2 [29]. Given the atomic flux Φ and a beam
transit time through the interaction region of τint from
above, the instantaneous number of atoms in the chamber is

Natoms ¼ Φτint ≈ 2.1 × 1012: (40)

To achieve 1% depolarization, representing a measur-
able change that would significantly impact the
nuclear target polarization and exceed the systematic
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uncertainties required for EIC, a photon rate of at least
2.1×1010 photons=s is required at resonance. This value
sets a threshold, which is shown as a reference line
in Fig. 11.
For RHIC flattop, the intersection point where the

photon emission rate Ṅavg
γ;totalðfÞ drops below the threshold

occurs at a frequency fcut ≈ 551.4 MHz, corresponding to
harmonic number ncut ≈ 59. Above this frequency, the
photon flux is insufficient to depolarize a significant
fraction of the atomic beam, making higher harmonics
increasingly ineffective. However, this estimate involves
uncertainties: unfortunately, no dedicated polarization mea-
surements with the BRP and varying magnetic holding field
have been performed at RHIC with stored beam to locate
the true depolarization onset, and transient beam-induced
fields may locally shift atoms into resonance. The follow-
ing section provides a quantitative estimate of the relevant
magnetic fields in the interaction region.

C. Instantaneous magnetic field at the target

We now quantify the instantaneous magnetic field
generated by the beam bunch as it passes the atomic target,
based on the spatial current distribution of the beam.
To estimate the magnetic field amplitude experienced by

atoms in the target due to the circulating beam, we model
the transverse distribution of a single bunch as a two-
dimensional Gaussian

ρðx; yÞ ¼ 1

2πσxσy
exp

�
− x2

2σ2x
− y2

2σ2y

�
; (41)

where σx;y are the horizontal and vertical rms beam sizes at
the interaction point. This expression allows for

asymmetric (elliptical) beams; the round-beam case corre-
sponds to σx ¼ σy ≡ σr.
Assuming that the longitudinal and transverse distribu-

tions factorize and the beam propagates along the z axis, the
current density becomes

J⃗ðx; y; z; tÞ ¼ e⃗zIbðtÞρðx; yÞ; (42)

where IbðtÞ is the time-dependent longitudinal bunch
current profile, defined in Eq. (14) with peak current Ipkb
from Table II.

1. Round beam profiles

We distinguish between round and elliptic transverse
beam profiles to evaluate how the bunch geometry
influences the spatial dependence of the magnetic field
at the target.
The magnetic field at a transverse point r⃗ ¼ ðx; yÞ (e.g.,

where an atom in the target is located) is obtained from the
Biot-Savart law,

B⃗ðr⃗; tÞ ¼ μ0
4π

Z
J⃗ðr⃗0Þ × ðr⃗ − r⃗0Þ

jr⃗ − r⃗0j3 d3r0; (43)

which yields a magnetic field B⃗ ¼ Bðr; tÞe⃗ϕ, oriented in the
azimuthal direction e⃗ϕ, which is defined by the right-hand
rule as e⃗ϕ ¼ e⃗z × e⃗r. This results in

B⃗ðr; tÞ ¼ μ0
2πr

IbðtÞFðrÞe⃗ϕ; (44)

where FðrÞ is a dimensionless geometric correction factor
that accounts for the spatial extension of the transverse
beam distribution. For a round Gaussian beam, FðrÞ can be
evaluated analytically via

FðrÞ ¼ 1 − exp

�
− r2

2σ2r

�
; (45)

with σr ¼ σx ¼ σy. In the limit r ≫ σr, the expression
reduces to the standard Biot-Savart result for a line current,

Bðr; tÞ ≈ μ0
2πr

IbðtÞ: (46)

To analyze the spectral content, we take the Fourier
transform of the time-dependent current profile,

Bðf; rÞ ¼ μ0
2πr

IðfÞFðrÞ; (47)

where IðfÞ is the current amplitude spectrum defined
in Eq. (18).

FIG. 11. Photon emission rate Ṅavg
γ;totalðfÞ from Eq. (39) (left

axis, blue line) and corresponding rf magnetic field amplitude
hBðfÞi from Eq. (37) (right axis, dashed line), derived from the
analytical Gaussian RHIC bunch envelope. The dashed horizon-
tal line marks the threshold of 2.1 × 1010 photons=s required to
depolarize 1% of the atoms in the beam. The vertical line marks
the cutoff frequency fcut ¼ 551.4 MHz and harmonic number
ncut ¼ 58.8 where the photon rate drops below the depolarization
threshold.
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2. Elliptic beam profiles

In the general case where σx ≠ σy, the beam has an
elliptical transverse profile. The Biot-Savart integral in
Eq. (43) must be evaluated numerically for arbitrary field
points r⃗. To handle this more complex geometry efficiently,
we employ a vector potential approach.
The magnetic field B⃗ðr⃗Þ generated by a steady current

distribution J⃗ðr⃗0Þ can be expressed using the vector
potential formalism,

B⃗ðr⃗Þ ¼ ∇ × A⃗ðr⃗Þ; (48)

where the vector potential A⃗ðr⃗Þ satisfies the Poisson
equation

∇2A⃗ðr⃗Þ ¼ −μ0J⃗ðr⃗Þ: (49)

For a current flowing in the z direction with a 2D Gaussian
transverse profile, the vector potential has only a z
component. Using the appropriate Green’s function for
the 2D Laplacian, this component can be expressed as

Azðr⃗Þ ¼ − μ0
2π

ZZ
Jzðr⃗0Þ ln

1

jr⃗ − r⃗0j dS
0; (50)

where Jzðr⃗0Þ is the current density distribution for the
elliptical Gaussian beam,

Jzðx0; y0Þ ¼ Ibρðx0; y0Þ; (51)

with ρðx; yÞ as defined in Eq. (41).
The magnetic field components are then obtained from

the curl of A⃗ via

Bx ¼
∂Az

∂y
; By ¼ − ∂Az

∂x
; Bz ¼ 0: (52)

Since the vector potential has only a z component and we
are examining the 2D transverse Gaussian current distri-
bution at a fixed instant (at the peak of the bunch), the
magnetic field at this moment has no longitudinal compo-
nent (Bz ¼ 0).
This vector potential approach inherently handles the

potential singularity in the Biot-Savart law through the
naturally regularizing properties of the Gaussian current
distribution, while enabling efficient numerical implemen-
tation on a discrete grid. Unlike the round-beam case, the
resulting magnetic field becomes direction-dependent even
at fixed radial distance, making this treatment essential for
the elliptical beam profiles expected at the location of the
polarized target in IP 4 at the EIC.

D. Spatial field distribution

We now turn to the spatial profile of the peak magnetic
field amplitudes at the target, emphasizing their

dependence on beam optics parameters such as emittance
and beta function.
To evaluate the magnetic field amplitude Bðf; rÞ expe-

rienced at a given transverse offset r, we require knowledge
of the transverse beam dimensions σx and σy. For RHIC,
these are derived from the normalized emittance ϵn and
local beta functions βx;y at the present target location at IP
12. The transverse rms beam sizes are given by

σx;y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βx;y ϵ

n
x;y

βγ

s
; (53)

where β and γ are the relativistic factors. To convert from
rms to 95% normalized emittance, a factor of 5.993 is used
in one dimension, as discussed in Ref. [50], so that

ϵn;95x;y ¼ ϵnx;y5.933; and σ95x;y ¼ σx;y
ffiffiffiffiffiffiffiffiffiffiffi
5.933

p
: (54)

Table II summarizes the relevant beam and optics
parameters at IP 12 for RHIC at flattop (E ¼ 255 GeV).
The normalized rms emittance was taken from the RHIC
dashboard during run 22.
Figure 12 shows the peak magnetic flux density BðrÞ

produced by a passing RHIC bunch as a function of
transverse distance r from the beam axis, assuming a
round Gaussian beam with rmswidth σr determined by
the beta function and normalized emittance at the HJET
location. The curve shows the 255 GeV flattop energy,
evaluated at the peak of the bunch distribution (t ¼ 0) from
Eq. (14). The field drops off approximately as 1=r
for r ≫ σr.
In the vicinity of the nominal holding field

B0 ¼ 120 mT, as shown in Fig. 9, the spacing between
consecutive resonances for the fσ34 and fπ12 transitions is
approximately 4 mT. Variations in the holding field can
shift the system in and out of resonance with beam

FIG. 12. Peak azimuthal magnetic flux density BðrÞ produced
by a single bunch at RHIC at flattop energy 255 GeVas a function
of transverse distance r from the beam center. The field amplitude
is evaluated at the peak current using Eq. (44). Vertical and
horizontal markers indicate the field maximum and its location.
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harmonics, potentially modulating the nuclear depolariza-
tion rate of the target.
It is important to note that the target polarization observed

in the detector system is determined frommany bunches that
sequentially intercept the target. Depolarization effects are
strongest when the bunch center coincides with the target
location, corresponding to the peak of the beam-induced
magnetic field. This localized and transient interaction can
alter the spin composition of the sample seen by the detectors
that measure scattered protons to the left and right of the
target. In contrast, the Breit-Rabi polarimeter (BRP) mea-
sures the time-averaged spin population of atoms exiting the
target chamber and may not resolve short-lived depolariza-
tion effects occurring only during bunch passage. Note that
this paper does not investigate potential beam-induced
effects on the BRP measurement itself.

E. Impact on target polarization

Having established the spatial and spectral character-
istics of the beam-induced magnetic field at RHIC flattop,
we now assess its impact on the target polarization through
its influence on hyperfine transition conditions.
The azimuthal time-dependent magnetic field B⃗ðr; tÞ

from Eq. (44) generated by the passing beam bunch
reaches amplitudes of several mT near the beam axis
and varies rapidly across the transverse extension of the
atomic beam. This field plays a central role in determining
whether hyperfine transitions can be driven resonantly. As
shown in Fig. 12, for a circulating RHIC beam at flattop
energy of 255 GeV, the peak magnetic field amplitude is
Bmax ¼ 2.73 mT, occurring at a radial distance r ¼
0.36 mm from the beam axis, well within the atomic beam
diameter of approximately 10 mm [29], and more impor-
tantly, well within the transverse target area sampled by the
RHIC beam, for which σ95%r ¼ 0.56 mm (see Table II).
This corresponds to the location where the transverse field
profile peaks for a round Gaussian beam. The resulting
time-dependent rf field must be considered when assessing
the proximity of hyperfine transition frequencies to har-
monic components in the beam spectrum. For comparison,
at RHIC injection energy (23.5 GeV, γ ≈ 25.05), the beam
size scales as σx;y ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βx;yϵn=ðβγÞ

p
, so that the radius is

approximately
ffiffiffiffiffi
10

p
times larger, substantially reducing the

maximum magnetic field amplitudes to about Bmax ≈
0.70 mT at r ≈ 1.4 mm.
Since the local magnetic field shifts the hyperfine energy

levels, the resonance condition for transitions, given in
Eq. (25), can be modified locally by the presence of the
beam-induced magnetic field B⃗ðr; tÞ, even if the static
holding field B⃗0 is uniform. As the bunch passes, atoms at
different transverse positions experience different instanta-
neous total magnetic fields,

B⃗effðr; tÞ ¼ B0e⃗y þ Bðr; tÞe⃗ϕ; (55)

where Bðr; tÞ is the magnitude of the azimuthal magnetic
field from Eq. (44) and B0 the static holding field from
Eq. (1). This superposition of static holding and beam-
induced field alters not only the resonance condition for
transitions but also the local magnitude and orientation of
the magnetic field that defines the spin quantization axis of
the nuclear target polarization. As a result, atoms on
opposite sides of the beam axis experience different
magnetic fields during the bunch passage. Since the
hyperfine energy levels—and thus the equilibrium nuclear
polarization—depend nonlinearly on the local field
strength, these field asymmetries induce small, spatially
dependent variations in the target polarization. When the
beam-target interaction is perfectly symmetric, these effects
average out, but any asymmetry in the beam-target overlap
(beam not perfectly centered, etc.) can lead to a net
modification of the measured target polarization.
Averaging the azimuthal magnetic field across the beam

radius out to σ95r in the midplane (y ¼ 0) yields a net offset
of approximately 2.09 mT. This breaks the left-right
symmetry, since the effective average field becomes BL ¼
122.09 mT in the left hemisphere and BR ¼ 117.91 mT on
the right. This spatial variation leads to an imbalance in the
nuclear polarization of atoms through which the stored
beam passes. To quantify the effect for two injected states
like j1i þ j4i, we calculate the resulting difference in target
polarization between the hemispheres through

δQ ¼ Qj1iþj4iðBLÞ −Qj1iþj4iðBRÞ
Qj1iþj4iðBnom

y Þ ≈ 0.25%; (56)

where we have used the expressions from Eq. (12). The
result is the same for states j2i þ j3i, and the effect appears
to be small for HJET operation at RHIC and does not
contribute significant systematic uncertainty to the mea-
sured jet polarization.
The analysis shows that under RHIC conditions, beam-

induced depolarization is unlikely to play a significant role.
The time-averaged photon emission rate Ṅavg

γ;totalðfÞ falls
below the critical threshold of 2.1 × 1010 photons/s above
the cutoff frequency fcut ≈ 551.4 MHz, corresponding to
harmonic number ncut ≈ 59. To ensure robustness against
local perturbations—such as those from the beam’s own
transient magnetic fields—it is prudent to treat ncut as a
lower bound and avoid operation below a factor of ≈3 of
this limit. For comparison, Fig. 9 shows that RHIC flattop
provides a safety factor of approximately 5 (≈375=75) for
HJET operation. Furthermore, field-induced modifications
to the effective holding field lead to a small target
polarization imbalance across the atomic beam, with
δQ=Q≲ 0.2% for the typical j1i þ j4i and j2i þ j3i
injected state combinations. Overall, these results establish
RHIC as a well-characterized reference point, providing the
baseline for the EIC-specific evaluation in the next section.
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VI. BEAM-INDUCED DEPOLARIZATION OF
HYDROGEN AT THE EIC

Having established the computational framework using
the RHIC conditions in Sec. V, we now apply this
methodology to evaluate beam-induced depolarization
risks at the future EIC. The EIC presents new challenges
due to higher bunch repetition frequencies, smaller beam
sizes, and elliptical beam profiles. We assess depolarization
risks for the operation of the polarized hydrogen target at
EIC injection and flattop energies (23.5 and 275 GeV).
Unlike at RHIC, at injection, the hadron beams at EIC

will undergo electron cooling for approximately 30 min to
reduce the vertical emittance, thereby providing an
extended window for beam polarization calibration using
the HJET. Measurements at both injection and flattop
energies are essential to establish absolute polarization
calibration points throughout the accelerator chain. With
present-day polarized target technology and the anticipated
hundreds to over a thousand bunches circulating in the EIC,
these measurements will surpass both the systematic and
statistical precision achievable in the Booster or AGS,
where only single bunches or a few bunches can be stored.
Furthermore, absolute polarization calibration is essential
to understand polarization transmission through the accel-
erator chain, where for protons such calibration is currently
only available at the 200 MeV polarimeter behind the
Linac [51].

A. EIC beam parameters, spectral characteristics, and
depolarization thresholds for B0 = 120 mT

In this section, we examine how the situation would
appear if the polarized target were operated at the same
B0 ¼ 120 mT holding field as at RHIC.
The beam and optics parameters at the future HJET

location in IP 4 for both EIC energies are summarized in
Table II. Compared to RHIC conditions, the EIC presents
several key differences: significantly higher bunch repeti-
tion frequencies, smaller normalized emittances leading to
reduced transverse beam sizes, and elliptical beam profiles
due to unequal beta functions at the interaction point. These
parameters alter the rf field strength, harmonic density, and
spatial field distributions experienced by the hydrogen
atoms, as it brings many more atomic transitions within
the range of potentially depolarizing harmonics.
Importantly, the elliptical transverse beam profile at the

EIC does not influence the frequency-domain spectrum,
which depends solely on the longitudinal current distribu-
tion IbðtÞ and bunch spacing fb. The beam-induced
magnetic field spectrum BðfÞ inherits this harmonic
structure directly through Eq. (27), enabling direct appli-
cation of the resonance analysis framework established
in Sec. V.
The frequency-domain spectra of the EIC bunch trains at

injection (23.5 GeV) and flattop (275 GeV) energies were

numerically obtained alongside the analytical envelopes, in
the same fashion as shown in Fig. 8, making use of Eq. (18)
with the EIC-specific parameters from Table II, yielding a
familiar series of discrete harmonic peaks modulated by a
Gaussian envelope. Compared to the RHIC spectrum
(Fig. 8), both EIC spectra shown in Fig. 13 indicate a
considerably higher frequency content due to their shorter
bunch durations and higher bunch frequencies.
The photon emission rates Ṅavg

γ;totalðfÞ from Eq. (39) for
the three cases were analyzed to determine where the
photon rate drops below the depolarization threshold in the
same way as previously applied for RHIC in Fig. 11. The
cutoff frequency fcut and corresponding harmonic cutoff
ncut were obtained to depolarize about 1% of the atoms in
the beam. The results are summarized in Table III.

FIG. 13. Frequency-domain spectra for EIC bunch trains at
(a) injection (23.5 GeV) and (b) flattop (275 GeV) energies. The
plots show the numerically obtained one-sided normalized FFT
amplitude spectrum (blue) overlaid with the analytical Gaussian
envelope (dashed red) from Eq. (18), following the same
methodology as Fig. 8. The higher bunch repetition frequencies
at EIC result in wider harmonic spacing compared to RHIC.
Harmonic numbers n ¼ f=fb are labeled for selected peaks.
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B. Hyperfine transition resonances in hydrogen for
B0 = 120 mT

We now examine how the EIC’s higher bunch repetition
frequencies affect hyperfine transition resonances based on
the results from the spectral analysis summarized in
Table III.
The resonance condition for transitions between hydro-

gen hyperfine states given in Eq. (25) applies at the EIC as
well. However, the higher bunch repetition frequencies at
the EIC compared to RHIC cause all resonances to shift
toward lower harmonic numbers n ¼ fijðBÞ=fb. At RHIC,
several transitions—such as the j2i → j4i and j1i → j3i
transitions—appeared only at harmonic numbers above
n ≈ 375 and could therefore be safely ignored in the
depolarization analysis. At the EIC, these same transitions
are mapped to significantly lower harmonic numbers where
the spectral power is still high. As shown in Fig. 14, this
effect will be most pronounced for EIC flattop energy
where all hyperfine transitions fall within the spectral range
of potentially depolarizing harmonics, increasing the num-
ber of transitions that must be taken into account.
A second implication is the significantly reduced mag-

netic field spacing between adjacent resonances. At RHIC,
the separation between relevant depolarizing resonance
points near the holding field B0 ¼ 120 mT was about
4 mT (see Fig. 9). At the EIC, this spacing compresses
to approximately 1.5 mT in the same field region
[Fig. 14(b)]. This narrow spacing increases the sensitivity
of the atomic beam to even modest perturbations of the
magnetic field in the vicinity of the interaction region. In
particular, beam-induced time-dependent magnetic fields
Bbeamðx; y; tÞ may drive atoms locally and transiently into
resonance—an effect that was negligible at RHIC but must
be assessed explicitly for the EIC. The following section
addresses this by quantifying the magnitude and spatial
variation of beam-induced magnetic fields at the EIC target.

C. Beam-induced magnetic fields at the EIC target
location in IP 4

In order to relate the magnetic field distribution of an
elliptic beam to that of an equivalent round beam, we define
first a circular beam profile with the same rms transverse

area. This is achieved by equating the area πσxσy of the
original Gaussian beam with the area of a symmetric beam
πσ2r , yielding

σr ¼ ffiffiffiffiffiffiffiffiffi
σxσy

p
: (57)

This effective round-beam size corresponds to using geo-
metric means of the normalized emittances and beta
functions,

σr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵnavg · βavg

βγ

s
; (58)

with

ϵnavg ¼
ffiffiffiffiffiffiffiffiffi
ϵnxϵ

n
y

q
; and βavg ¼

ffiffiffiffiffiffiffiffiffi
βxβy

q
; (59)

TABLE III. Result of the frequency-domain spectral analysis of
the bunch trains listing the obtained parameters fcut and harmonic
cutoff ncut required to depolarize about 1% of the atoms in the
atomic beam for RHIC and the two EIC cases (injection and
flattop).

RHIC EIC

Quantity Flattop Injection Flattop

Bunch frequency fb (MHz) 9.381 22.653 90.683
Cutoff frequency fcut (MHz) 551.4 1285.4 5061.1
Harmonic cutoff ncutðfcutÞ 58.5 56.7 55.8

FIG. 14. Resonant overlap between hydrogen hyperfine tran-
sition frequencies fijðBÞ and the harmonic spectrum of the EIC
bunch structure for injection (a) and flattop (b) energies. The plots
show the harmonic number fijðBÞ=fb as a function of magnetic
field B, with markers indicating points where a near-resonant
condition fijðBÞ ≈ nfb is satisfied within a tolerance of 0.002.
On flattop, in the region near the static holding field B0 ¼
120 mT used at RHIC, the spacing between adjacent resonances
would be ≈1.5 mT.
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ensuring that the round-beam approximation preserves both
the total charge density and transverse extent relevant for
calculating average magnetic fields.
The peak instantaneous magnetic flux densities are

calculated using the same methodology as in Sec. V C.
For a round Gaussian beam with σx ¼ σy ¼ σr, the
magnetic field follows the analytical form previously
described in Eq. (44). For the asymmetric Gaussian beam
parameters of the EIC at IP 4, listed in Table II, we employ
the vector potential approach described in Sec. V C to
numerically calculate the magnetic field.
Figure 15 compares the magnitude of the magnetic field

as a function of distance r from the center of the current
distribution for both the symmetric approximation and the
full asymmetric calculation. The magnetic field is plotted
along the x and y axes, parallel to the long and short axes of
the elliptical beam current distribution, respectively. Unlike
the round-beam case where the field is purely azimuthal
with equal magnitude at fixed radius, the asymmetric beam
produces different field distributions when measured along
these principal axes. Notably, the magnetic field magnitude
of the asymmetric current distribution does not exceed that
of the equivalent round beam at any radius. This indicates
that the round-beam approximation provides a safe
conservative upper limit for the expected magnetic flux
density in the vicinity of the beam.

D. Quantum mechanical depolarization analysis

The preceding analysis has shown that EIC operation at
B0 ¼ 120 mT brings hyperfine transitions into the range of
populated beam harmonics, creating potential depolariza-
tion risks. As illustrated in Fig. 14, the EIC’s higher bunch
frequency maps hyperfine transitions to much lower
harmonic numbers compared to RHIC. For flattop oper-
ation, this creates problematic resonance scenarios: the σ24

and two-photon f2γ13 transitions exhibit extremely dense
spacing of approximately 1.5 mT, while power broadening
effects can significantly widen effective resonance regions.
To quantify these effects, we use the quantum mechani-

cal framework from Appendix C. The stimulated transition
rate for a specific hyperfine transition is

ΓijðfÞ ¼
2π

ℏ
jhjjH1jiij2SðfÞV int; (60)

where SðfÞ ¼ B1ðfÞ2=ð2μ0Þ is the spectral power density
and the matrix elements depend on the transition type
through the Breit-Rabi mixing coefficients.
We note that in the RHIC setup the holding field B⃗0 has

been oriented vertically (y axis). For future EIC operation,
however, one can envision configurations with B⃗0 along x,
y, or z. Since the classification into π- and σ-transitions is
always relative to the orientation of B⃗0, different entries of
the transition matrix become active depending on that
choice. In practice, all nonzero couplings in the transition
matrix of Eq. (C4) must therefore be considered.
Consider first the π12 transition resonance at

B0 ¼ 102 mT. From Fig. 14(b), this occurs at harmonic
number n ¼ 6 (frequency f ¼ 544 MHz). The EIC
beam spectral envelope (Fig. 16) provides B1 ¼ 1174 μT
at this frequency. At B0 ¼ 102 mT, the dimensionless
field parameter x ¼ 2.01 gives sin2 θ ¼ 0.052 for this
π-transition. The corresponding Rabi frequency is
Ω ¼ 2.36 × 107 rad s−1, yielding a transition probability

Π ¼ sin2
�
Ωτint
2

�
≈ 0.045: (61)

This demonstrates that about 4.5% of hydrogen atoms
undergo hyperfine transitions when encountering this

FIG. 15. Magnetic field distribution for the EIC at injection (23.5 GeV) (a) and flattop (275 GeV) (b). The blue curves show the
analytical radial field profile BðrÞ for a symmetric Gaussian beam with rms width σr, reaching the peak fields indicated. Red and green
markers show numerical calculations using the Green’s function method for an asymmetric Gaussian beam with σx and σy, plotted along
the horizontal and vertical axes as Bðrx; 0Þ and Bð0; ryÞ, respectively.
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resonance. Such a depolarization is unacceptable for the
EIC. In contrast, at RHIC the same transition corresponds
to n ≈ 58, near the spectral cutoff ncut ≈ 59, where despite
being close to the photon emission threshold the actual
depolarization remains far below detectable levels. Using
the full 4 × 4 quantum-mechanical model (Appendix C)
with RHIC bunch parameters, the driving field amplitude at
this harmonic is more than 9 orders of magnitude smaller
than in the EIC case, leading to a Rabi frequency so low
that the ensemble-averaged depolarization probability is at
the 10−11 level. Both the spectral-power limit and the QM
analysis therefore show that the effect should not have been
observable at RHIC.
As a second example, consider the σ24 transition at B0 ¼

119.1 mT and harmonic number n ¼ 40 from Fig. 14(b)
(frequency f ¼ 3627 MHz). For this case, we use the
spatial field distribution approach with an effective rf field
amplitude of about B1 ¼ 2.0 mT, corresponding to the
region where the field exceeds 2 mT between r ¼
þ0.5 mm and r ¼ þ2.2 mm in Fig. 15(b). The interaction
time is then set by the traversal of this region,
τint ¼ 1.7 mm=1807 ms−1 ≈ 0.94 us. The mixed σ-transi-
tion has a dimensionless transition strength of sin2ð2θÞ ¼
1=ð1þ x2Þ ≈ 0.154 at this field strength, yielding a Rabi
frequency Ω ≈ 6.9 × 107 rad s1 and a transition probability
of about 46%.
These calculations demonstrate that EIC operation in the

120 mT region leads to unavoidable depolarization effects.
While the extreme case of operating directly on resonance
(about 4.5% depolarization for the π12 transition and about
46% for the σ24 transition) can, in principle, be avoided
through proper B0 field selection, the dense resonance
spacing of approximately 1.5 mT means that beam-induced
field variations will sweep atoms across multiple resonance
conditions. Power broadening effects (Sec. V B 1) further
widen each resonance by approximately �0.3 mT, increas-
ing the probability of resonant encounters and causing
significant polarization loss. The quantum mechanical
analysis thereforevalidates the need for operating conditions
that shift all hyperfine transitions away frompopulated beam
harmonics where such encounters become unavoidable.
These quantummechanical calculations provide valuable

physical insight but represent order-of-magnitude estimates
rather than precise predictions. The analysis assumes uni-
form conditions, whereas the actual beam-induced fields
exhibit complex temporal structure and strong spatial
variation across the atomic beam volume. The calculated
probabilities demonstrate physical capability for significant
depolarization rather than quantitative forecasts.

E. From RHIC to EIC: Increasing HJET holding field
to suppress depolarizing resonances

As discussed in Sec. VI B, the use of a static holding
field of B0 ¼ 120 mT, as employed at RHIC, would be
incompatible with reliable operation at the EIC. At this field

strength, essentially all hyperfine transitions in hydrogen
would lie within the dense spectrum of beam-induced
harmonics, leading to significant depolarization.
The critical harmonic cutoff for depolarizing photon

emission at EIC flattop lies around fcut ¼ 5061.1 MHz
(harmonic number ncut ≈ 55.8), as shown in Fig. 16.
While this cutoff is comparable to RHIC in terms of
harmonic number, the EIC’s higher bunch frequency
(fb ¼ 90.683 MHz) maps hyperfine transitions to much
lower harmonic numbers than at RHIC. At B0 ¼ 120 mT,
virtually all transitions become vulnerable to resonant
depolarization, as indicated in Fig. 14(b).
Exacerbating this issue, the magnetic field generated

by the beam itself, on the order of 3 mT, as shown in
Fig. 15(b), further compromises target operation. Given the
narrow resonance spacing of approximately 1.5 mT under
these conditions, such beam-induced field variations can
sweep atoms across multiple hyperfine resonances, making
target operation at 120 mT untenable.
The solution suggested here is to increase the holding

field to eliminate resonance overlap. Figure 17 illustrates
that above B0 ≈ 236.06 mT, the highest transition frequen-
cies fπ12 and fσ34 no longer coincide with any harmonic that
could induce depolarization, as harmonic number 8 is never
reached by either fπ12 or f

σ
34 beyond this field. Operating the

HJET in the vicinity of B0 ≈ 400 mT, e.g., in the blue
shaded region shown in Fig. 17, ensures a region free from
depolarizing conditions, and will keep all hyperfine tran-
sition frequencies at least a factor of

f13
fb

≈
125

ncut
≈ 2.2 (62)

away from populated beam harmonics. This configuration
appears feasible for both EIC injection and flattop energies

FIG. 16. Photon emission rate Ṅavg
γ;totalðfÞ from Eq. (39) (left

axis, blue line) and corresponding rf magnetic field amplitude
hBðfÞi from Eq. (37) (right axis, dashed line) for EIC flattop
operation (275 GeV). The dashed horizontal line marks the
threshold of 2.1 × 1010 s−1 required to depolarize about 1% of the
atoms in the beam. The vertical line marks the cutoff frequency
fcut ¼ 5061.1 MHz and harmonic number ncut ¼ 55.8 where the
photon rate drops below the depolarization threshold.
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and provides a reliable solution for suppressing beam-
induced depolarization. To match RHIC’s safety factor of
6.5 (375=58, comparing dangerous transitions to the
spectral cutoff), EIC would require operation at
≈1200 mT where transitions occur at harmonic 364. The
400 mT solution represents a practical compromise, pro-
viding a safety factor of 2.2.
The quantummechanical analysis presented in Sec. VI D

provides additional validation of these concerns, demon-
strating that when resonance conditions are encountered at
a magnetic guide field of 120 mT in the EIC, significant
target depolarization occurs (up to ≈5% for direct reso-
nance hits, ≈45% for spatial field effects). However, while
the quantum mechanical analysis demonstrates the physics
underlying these depolarization risks, the primary justifi-
cation for the 400 mT recommendation remains the photon
emission threshold analysis, which provides a more robust
framework for handling the broadband, spatially varying rf
fields characteristic of bunched beam environments.
Beyond eliminating depolarizing resonances, operating

at 400 mT provides substantial improvements in systematic
uncertainties from beam-induced field asymmetries. To
quantify this additional benefit, we analyze the polarization
asymmetries using the methodology established for RHIC
in Eq. (56) and compare the three operational scenarios.
The beam-induced magnetic field characteristics for the

three operational scenarios are summarized in Table IV,
with peak field values extracted from Figs. 12 (RHIC) and
15 (EIC). The field offset values, representing the average
magnetic field asymmetry across the atomic beam radius in
horizontal direction, are calculated by integrating the
azimuthal magnetic field over the respective beam cross
sections using the transverse beam sizes (σr) listed in
the table.
The analysis demonstrates that the 400 mT holding field

provides a dual benefit: complete elimination of depolariz-
ing resonances while reducing the systematic uncertainties
from beam-induced magnetic field by more than an order-
of-magnitude compared to RHIC operation. Both EIC

scenarios exhibit polarization asymmetries well below
0.1%, representing improvements of 18 × ðinjectionÞ and
8 × ðflattopÞ relative to RHIC for this effect, confirming
that the higher field strength addresses both operational
reliability and precision requirements for EIC polarimetry.

VII. CONCLUSION AND OUTLOOK

This work has systematically investigated the risk of
beam-induced depolarization in the hydrogen jet polarim-
eter system, with a focus on identifying conditions under
which the system can function reliably at the electron-ion
collider (EIC). Polarization measurements are essential at
both injection and flattop energies, and the goal has been to
define operational settings for the magnetic holding field
B0 that ensure immunity from depolarizing resonances.
A realistic model of the atomic hyperfine level structure

under magnetic fields was combined with a detailed
description of the beam’s temporal structure to assess
potential depolarization mechanisms. In particular, the
beam’s bunch structure was treated as a periodic train,
allowing for harmonic decomposition and frequency-
domain analysis via discrete Fourier transform. This
approach provides a rigorous and transparent framework
for identifying resonance conditions between beam har-
monics and hyperfine transitions, offering a systematic

FIG. 17. Solution for EIC is to operate HJET in the vicinity of
the blue shaded region at a magnetic guide field of B0 ≈ 400 mT.
The highest magnetic field where the rightmost resonance for fπ14
occurs is indicated.

TABLE IV. Beam-induced magnetic field parameters and
resulting polarization asymmetries for RHIC and EIC operational
scenarios. The table shows the static holding field B0, the
dimensionless field parameter x ¼ B0=Bc, the corresponding
mixing angle θ defined by tanð2θÞ ¼ 1=x, the nuclear polariza-
tion for combined injection of states j1i þ j4i or j2i þ j3i, the
transverse beam size σr, and the peak beam-induced field Bmax.
The offset represents the average field asymmetry calculated by
integrating over the left and right halves of the beam cross
section. The effective magnetic fields in the left and right
hemispheres are given by BL and BR, respectively, with ΔB
being the total field difference. The target polarization asymmetry
δQ=Q is calculated using Eq. (56).

RHIC at IP 12 EIC at IP 4

Parameter Unit Flattop Injection Flattop

Energy GeV 255 23.5 275
B0 mT 120 400 400
x … 2.367 7.889 7.889
θ rad 0.1999 0.0630 0.0630
jQj1iþj4ij … 0.962 0.996 0.996
jQj2iþj3ij
σr mm 0.23 1.57 0.66
Bmax mT 2.73 1.28 3.03
Offset mT 2.09 0.98 2.32
BL mT 122.1 401.0 402.3
BR mT 117.9 399.0 397.7
ΔB mT 4.2 2.0 4.6
ðδQQ Þ % 0.253 0.012 0.027

F. RATHMANN et al. PHYS. REV. ACCEL. BEAMS 29, 021001 (2026)

021001-20



basis for evaluating depolarization risks in beam-target
interactions for the EIC. The approach described here can
be readily applied to evaluate the situation of the planned
polarized jet target at the LHC [52].
A key innovation introduced in this study is the

formulation of beam-induced depolarization in terms of
a photon emission threshold: a cutoff frequency fcut, above
which the likelihood of resonant transitions is significantly
reduced due to the steep falloff in spectral power. This
provides a robust basis for comparing different accelerator
configurations on the same quantitative footing. For RHIC,
this cutoff lies near 551.4 MHz, corresponding to a
harmonic number ncut ≈ 59. At the EIC flattop, due to
its approximately 10 × higher bunch frequency, the same
ncut corresponds to an absolute cutoff frequency of
5.061 GHz. As a result, the same set of hyperfine
transitions is exposed to lower harmonic numbers at the
EIC, increasing the likelihood of resonant overlap with
populated beam harmonics at a given holding field.
To validate this photon emission framework, a rigorous

quantum mechanical analysis using proper Breit-Rabi
matrix elements and stimulated transition rates was
performed. The quantum mechanical calculations dem-
onstrate that when resonance conditions are encountered
at the EIC, significant depolarization occurs (>70% for
direct resonance encounters), while the same transitions at
RHIC fall in spectral regions with negligible field ampli-
tudes. This quantum mechanical validation confirms
that the photon emission approach correctly identifies
problematic frequency ranges, though the simplified
treatment of field coherence and spatial uniformity in
this approach means these calculations should be viewed
as physics demonstrations rather than precise quantitative
predictions.
Furthermore, the spatial variation of the magnetic field

near the beam but within the target volume was calculated
using the Biot-Savart law applied to a two-dimensional
Gaussian beam profile. The derivation employed the
magnetic vector potential to accurately capture the azimu-
thal field generated by elliptic beam distributions. This
beam-induced field adds asymmetrically to the static
holding field, leading to spatial variations in the net
magnetic field direction, which can symmetrically alter
the local spin orientation and thus the actual nuclear
polarization of atoms across the target volume.
All modeling and analysis techniques were benchmarked

using parameters from RHIC at flattop, where successful
beam polarimetry using the HJET has been demonstrated.
The same methods were then applied to EIC conditions,
both at injection and flattop energies. It was shown that the
current RHIC operating point at B0 ¼ 120 mT is no longer
viable at the EIC, as nearly all hyperfine transitions would
be exposed to populated harmonics in the beam spectrum.
We emphasize that this conclusion does not depend on the
specific orientation of the holding field: while at RHIC B⃗0

has been oriented vertically, future EIC operation may
employ B⃗0 along x, y, or z. Since the π=σ classification is
always relative to B⃗0, all nonzero couplings in the transition
matrix of Eq. (C4) must be regarded as active when
assessing depolarization risk. Aviable solution is to operate
the HJET at the EIC at IP 4 at a significantly higher
magnetic field of B0 ¼ 400 mT. This field setting ensures a
clean separation between transition frequencies and har-
monic content, providing a buffer of about a factor of three
above the depolarization threshold, and is compatible with
EIC operation at both injection and flattop energies,
ensuring safe, depolarization-free operation of the HJET.
Precise knowledge of the molecular hydrogen fraction is

essential for determining the effective target polarization,
since H2 molecules contain unpolarized protons and there-
fore dilute the nuclear polarization of the atomic beam (see
Appendix A). Existing measurements of the degree of
dissociation are performed only intermittently and cannot
track slow drifts during long data-taking periods. For EIC
operation, the upgraded HJET will therefore incorporate a
quadrupole mass spectrometer positioned below the inter-
action region to determine and monitor the molecular
fraction of the atomic beam in situ. This diagnostic will
enable continuous corrections of the effective target polari-
zation and thereby eliminate a significant systematic
uncertainty.
The developed tools enable predictive estimates of

depolarizing conditions and support the selection of hold-
ing fields and operating modes for the polarized hydrogen
target as an absolute beam polarimeter at the EIC and
elsewhere. While the analysis centers on hydrogen, the
methodology is directly applicable to deuterium, whose
more complex hyperfine structure may lead to different
resonance conditions and warrants future investigation. To
achieve the stringent 1% relative polarization uncertainty
required by the EIC physics program, several additional
developments should be pursued: implementation of con-
tinuous in-situ monitoring of the molecular content in the
hydrogen jet, and a magnetic guide field system that
enables direct measurement of all polarization components
of the beam polarization vector P⃗. These enhancements,
combined with the optimized magnetic holding field
identified in this work, will establish a robust foundation
for high-precision absolute beam polarimetry at the EIC.
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DATA AVAILABILITY

The RHIC and EIC input parameters used in this work
are publicly available; the specific values employed are
listed in Table II. All results shown in the tables and figures
are generated from analytic expressions evaluated with
these inputs. The Appendix A onMolecular contamination
in atomic beams presents a reanalysis of data published
previously (see Ref. [32]).

APPENDIX A: MOLECULAR CONTAMINATION
IN ATOMIC BEAMS

Atomic beam sources using sextupole magnets inevi-
tably produce a fraction of molecules that do not originate
from the nozzle, but rather from defocused atoms that
recombine on the inner surfaces of the sextupole magnets.
These recombined molecules form an effusive molecular
beam that accompanies the focused atomic beam on its way
to the target region [33,34]. In order to quantify this effect,
we analyze in the following data from the ANKE experi-
ment at COSY [32] where we explicitly wanted to
determine the molecular content in the interaction region
and its spatial behavior. The approach used in Ref. [31] to
determine the molecular fraction by simply turning off the
dissociator is ill-fated, as it does not produce defocused
atoms and as such does not lend itself as a method to
realistically estimate the molecular content in the target.
The dissociator design developed for the atomic beam

source of the ANKE experiment at COSY [32] was directly
adopted for the polarized atomic beam source used in the
RHIC HJET [29]. The construction drawings were pro-
vided by the Jülich group and the dissociator design is
identical in both systems. As reported in [32], degree of
dissociation measurements were carried out with a quadru-
pole mass spectrometer movable on an xy table that
allowed determination of the spatial dependence of the
molecular-to-atomic content in the beam some distance
(567 and 697 mm) behind the exit of the last sextupole
magnet. The analysis presented here examines the degree of
dissociation data obtained, shown in panels (c) and (d) of
Fig. 24 of Ref. [32].
The degree of dissociation α was measured at multiple

positions along the transverse x and y directions
perpendicular to the atomic beam 697 mm behind the exit
of the last sextupole magnet. Figure 18 shows the results of
these measurements along with constant fits to the data.
The results demonstrate a flat dependence of α near the
beam center, and we confine our analysis to data within
�5 mm around the beam center since the atomic beam of
the HJET at RHIC has a diameter of approximately 10 mm
[29]. For the x profile, centered around x ¼ 11.4 mm, a
fitted constant value of αx ¼ 0.932� 0.007 is obtained,
and for the y profile, centered at y ¼ 14.8 mm,
αy ¼ 0.937� 0.010. The combined result, calculated as
an inverse-variance weighted average of both spatial

profiles, gives

α ¼ 0.934� 0.006: (A1)

The degree of dissociation of the atomic beam is defined
in terms of the atomic density ρatom and molecular density
ρmol as

α ¼ ρatom
ρatom þ 2ρmol

; (A2)

and this can be rearranged to obtain the molecular-to-
atomic density ratio

ρmol

ρatom
¼ 1 − α

2α
: (A3)

Using the measured value of α from Eq. (A1), we obtain

ρmol

ρatom
¼ 0.035� 0.003: (A4)

This result indicates that approximately 3% to 4% of the
target density consists of hydrogen molecules, consistent
with findings from studies on similar atomic beam sources
[33,34]. These unpolarized molecules systematically
reduce the target polarization of the HJET.

APPENDIX B: HYPERFINE INTERACTION
HAMILTONIAN AND NUCLEAR

POLARIZATIONS FOR GROUND STATE
HYDROGEN

The complete Hamiltonian for the ground state hydrogen
atom in an external magnetic field B⃗ ¼ Be⃗z, where e⃗z

FIG. 18. Degree of dissociation α measured across orthogonal
spatial profiles of the atomic beam. The red dashed lines indicate
the beam centers, while the blue dashed lines show constant fits to
the data. (a) shows the x profile with beam center at x ¼ 11.4 mm
and fitted constant αx ¼ 0.932� 0.007. (b) shows the y profile
with beam center at y ¼ 14.8 mm and fitted constant
αy ¼ 0.937� 0.010.
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defines the quantization axis, consists of three terms

H ¼ AhfsI · J − μJ · B⃗ − μI · B⃗: (B1)

Here I is the nuclear spin operator (I ¼ 1
2
for hydrogen), J is

the total electron angular momentum operator (J ¼ 1
2
for

the ground state), and Ahfs is the hyperfine coupling
constant. For the hydrogen ground state (1s), the orbital
angular momentum is 0 (l ¼ 0), so the total electron
angular momentum equals the electron spin: J ¼ S. The
magnetic moment operators are

μJ ¼ −gJμBJ and μI ¼ gIμNI; (B2)

so that when we choose the quantization axis along B⃗, the
complete Hamiltonian becomes

H ¼ AhfsI · J þ gJμBJzBþ gIμNIzB: (B3)

The hyperfine coupling constant is related to the zero-field
hyperfine splitting by Ahfs ¼ 4Ehfs=ℏ2, where Ehfs is given
in Eq. (8).
We work in the uncoupled basis fjmJ;mIig where

mI;mJ ¼ � 1
2
. The four basis states are labeled in decreas-

ing order of hyperfine energies, as given in Eqs. (5). Since
the total angular momentum projection mF ¼ mJ þmI is
conserved by the hyperfine interaction, states with the same
mF can couple while states with different mF cannot.
Therefore, j1i and j3i remain uncoupled, while j2i and j4i
(both with mF ¼ 0) form a coupled 2 × 2 system.
The dot product I · J ¼ IzJz þ 1

2
ðIþJ− þ I−JþÞ

has diagonal matrix elements hmJ;mIjIzJzjmJ;mIi ¼
ℏ2mImJ and off-diagonal elements h2jI−Jþ þ IþJ−j4i ¼
h4jI−Jþ þ IþJ−j2i ¼ ℏ2. The hyperfine matrix is

I · J
ℏ2=4

¼

0
BB@

1 0 0 0

0 −1 0 2

0 0 1 0

0 2 0 −1

1
CCA (B4)

Using the dimensionless field strength parameter x
defined in Eq. (6) and defining y ¼ 2gIμNB

Ehfs
, we note that

y ≪ x since μN=μB ¼ 1=1836.15 and gI=gJ ≈ 2.8. The
complete dimensionless Hamiltonian becomes

H
Ehfs=4

¼

0
BB@
1þ2xþy 0 0 0

0 −1þ2x−y 0 2

0 0 1−2x−y 0

0 2 0 −1−2xþy

1
CCA

(B5)

The eigenvalues can be found by diagonalizing this
matrix. States j1i and j3i remain uncoupled with eigen-
values Ej1i ¼ Ehfs

4
ð1þ 2xþ yÞ and Ej3i ¼ Ehfs

4
ð1 − 2x − yÞ.

States j2i and j4i couple through the hyperfine interaction
with eigenvalues Ej2i;j4i ¼ Ehfs

4
½y − 1� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2xyþ x2

p
�.

For typical magnetic fields where x ≫ y, this reduces to the
familiar Breit-Rabi formula Ej2i;j4i≈

Ehfs
4
½−1�2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þx2

p
� þ

Ehfs
4
y. Combining all four eigenvalues and including the

nuclear Zeeman correction, we obtain the complete Breit-
Rabi energy formula given in Eq. (11) in the main text.
The nuclear target polarization of each hyperfine state is

determined by the quantum mechanical expectation value
of the nuclear spin component along the quantization axis,
expressed via

Qjii ¼
2

ℏ
hψ ijIzjψ ii: (B6)

To calculate this, we need the explicit eigenvectors.
States j1i and j3i remain pure uncoupled states at all field
strengths, while states j2i and j4i become mixed states. The
corresponding wave functions are

jψ1i ¼ je↑p↑i;
jψ2i ¼ cos θje↑p↓i þ sin θje↓p↑i;
jψ3i ¼ je↓p↓i;
jψ4i ¼ cos θje↓p↑i − sin θje↑p↓i;

(B7)

where the mixing angle θ satisfies tanð2θÞ ¼ 1=x. Using
the matrix elements h� 1

2
; mJjIzj � 1

2
; mJi ¼ �ðℏ=2Þ, the

nuclear target polarizations for the different states are
obtained and given in Eq. (12) in the main text.
In the weak-field limit (x → 0), states j2i and j4i have

zero nuclear polarization, reflecting equal superposition of
parallel and antiparallel nuclear-electron spin configura-
tions. In the strong-field limit (x → ∞), all states approach
maximum nuclear polarization (�1).

APPENDIX C: QUANTUM MECHANICAL
ANALYSIS OF HYPERFINE TRANSITIONS

This appendix presents the quantum mechanical frame-
work for analyzing beam-induced hyperfine transitions in
hydrogen atoms using Breit-Rabi matrix elements and
Fermi’s golden rule [42,44]. While a full time-dependent
solution of the hyperfine Hamiltonian would be required to
compute exact state populations, the use of Fermi’s golden
rule is sufficient for identifying resonance conditions and
estimating relative transition strengths relevant for depo-
larization risk assessment.
For hydrogen hyperfine transitions in a magnetic field,

the interaction Hamiltonian with the beam-induced rf field
follows from Appendix B, where the electronic coupling
dominates and we have

H1 ≈ −gJμB J · B⃗1ðtÞ: (C1)

The Breit-Rabi eigenstates at field B0 are given in Eq. (B7),
where states j2i and j4i are mixed superpositions of
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uncoupled spin configurations, and the mixing angle
satisfies tanð2θÞ ¼ 1=x with x defined in Eq. (7).
The transition matrix elements depend on the orientation

of the beam-induced rf field B⃗1 relative to the static holding
field B⃗0. As detailed in Sec. III B, there are six allowed
single-photon transitions between the four hyperfine states,
classified according to angular-momentum selection rules.
π-transitions (B⃗1⊥B⃗0) correspond to ΔmF ¼ �1 and are
driven by the transverse operators Jx; Jy:σ-transitions

(B⃗1kB⃗0) correspond to ΔmF ¼ 0 and are driven by Jz.
Two-photon transitions with ΔmF ¼ �2 are forbidden for
single-photon processes and require much higher rf inten-
sities to become significant; their entries are included for
completeness but are negligible in practice.
Using Fermi’s golden rule, the stimulated transition rate

between hyperfine states jii and jji is

ΓijðfÞ ¼
2π

ℏ
jhjjH1jiij2 SðfÞV int; (C2)

where SðfÞ ¼ B1ðfÞ2=ð2μ0Þ is the spectral power density.
It is convenient to factor out a common prefactor

Γ0ðfÞ≡ 2π

ℏ
ðgJμBÞ2SðfÞV int

�
ℏ
2

�
2

; (C3)

and define a dimensionless 4 × 4 matrix M such that
Γij ¼ Γ0Mij. Explicit evaluation of the Breit-Rabi matrix
elements yields

M ¼

0
BB@

0 sin2 θ 0 cos2 θ
sin2 θ 0 cos2 θ sin2ð2θÞ
0 cos2 θ 0 sin2 θ

cos2 θ sin2ð2θÞ sin2 θ 0

1
CCA: (C4)

Remark on orientation.
The labels “π” and “σ” are defined relative to the

quantization axis set by the static holding field B⃗0. In
the laboratory coordinates adopted here (z along the beam,
y vertical, x horizontal), B⃗0 may be aligned along any of
these directions. Rotating B⃗0 relabels which components of
the rf field B⃗1 are π (perpendicular) and σ (parallel).
Consequently, a transition that is π for one choice of B⃗0

may appear as σ for another. For conservative depolariza-
tion estimates one should therefore treat all nonzero
couplings in Eq. (C4) as potentially active.
In explicit terms, the matrix entries can be interpreted as

follows: (i) M12 ¼ M21 and M34 ¼ M43 are π-transitions
with strength sin2 θ, (ii) M14 ¼ M41 and M23 ¼ M32 are
π-transitions with strength cos2 θ, (iii) M24 ¼ M42 is the
mixed σ-transition with strength sin2ð2θÞ ¼ 1=ð1þ x2Þ,
and (iv) M13 ¼ M31 ¼ 0 at first order; these channels
correspond to ΔmF ¼ �2 two-photon processes and are
negligible under realistic field intensities.

The diagonal elements vanish since no state can couple
to itself. The off-diagonal entries directly represent squared
matrix elements of the electron spin operators. The terms
sin2 θ and cos2 θ arise from π-transitions driven by Jx; Jy
with ΔmF ¼ �1, while sin2ð2θÞ ¼ 1=ð1þ x2Þ arises from
the mixed σ-transition j2i ↔ j4i driven by Jz with
ΔmF ¼ 0. The j1i ↔ j3i entries are second-order (two-
photon) transitions corresponding to ΔmF ¼ �2; these are
negligible under realistic photon densities but are shown
here for completeness.
This transition-rate matrix demonstrates that all hyperfine

states are coupled through field-dependent transition
strengths, making simple two-level approximations inad-
equate. It provides the basis for estimating effective depo-
larization rates: the fractional change in nuclear polarization
during the atomic transit time τint is ΔQ=Q ¼ Γdepolτint,
where Γdepol is the effective depolarization rate obtained by
summing over the relevant transitions.
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