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We analyze beam-induced depolarizing effects in the hydrogen jet target (HJET) at the Rela-
tivistic Heavy Ion Collider (RHIC) that 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 hyper-
fine 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 (23.5GeV) and flattop (275GeV), beam-induced depolarization through the bunch
structure renders operation at the current RHIC magnetic guide field at the target of B0 = 120mT
untenable. Increasing the magnetic guide field at the target to B0 ≈ 400mT moves all hyperfine
transition frequencies to at least three times the cutoff frequency, ensuring reliable absolute beam
polarimetry with the required 1% precision at the EIC.

CONTENTS10

I. Introduction 211

II. Principle of absolute beam polarimetry 312

A. Analyzing power in the CNI region 313

B. Polarized hydrogen target setup at IP12 in14

RHIC 315

C. Absolute polarization calibration 316

III. The hyperfine structure of hydrogen 417

A. Breit-Rabi energy levels and field18

dependence 519

B. Hyperfine transition frequencies in20

hydrogen 721

C. RHIC hydrogen jet target operation 722

IV. Temporal evolution and spectral properties of23

beam-induced magnetic fields at RHIC 824

A. Bunch time structure and pulse shape 825

B. Modeling the bunch train as a periodic26

source 827

C. Frequency-domain spectrum of the beam 928

Analytical form of the Gaussian bunch29

spectrum 1030

Numerical evaluation of the Fourier31

spectrum 1032

Resolution limit of the discrete spectrum 1133

V. Beam-induced depolarization of hydrogen at34

RHIC 1135

∗ Corresponding author. Email: frathmann@bnl.gov

A. Hyperfine transitions and resonance36

conditions 1137

B. Photon emission rate and spectral38

thresholds 1239

1. Theoretical framework and broadening40

effects 1241

2. Quantitative analysis and threshold42

determination 1343

C. Instantaneous magnetic field at the target 1444

Round beam profiles 1445

Elliptic beam profiles 1446

D. Spatial field distribution 1547

E. Impact on target polarization 1648

VI. Beam-induced depolarization of hydrogen at the49

EIC 1650

A. EIC beam parameters, spectral51

characteristics, and depolarization thresholds52

for B0 = 120mT 1753

B. Hyperfine transition resonances in hydrogen54

for B0 = 120mT 1855

C. Beam-induced magnetic fields at the EIC56

target location in IP4 1857

D. Quantum mechanical depolarization58

analysis 1959

E. From RHIC to EIC: increasing HJET holding60

field to suppress depolarizing resonances 2061

VII. Conclusion and Outlook 2162

Acknowledgements 2263

References 2264

A. Molecular contamination in atomic beams 2565



2

B. Hyperfine interaction Hamiltonian and nuclear66

polarizations for ground state hydrogen 2667

C. Quantum mechanical analysis of hyperfine68

transitions 2769

I. INTRODUCTION70

The Electron-Ion Collider (EIC) is the next-generation71

facility designed to explore the internal structure of nu-72

cleons and nuclei with unprecedented precision [1]. By73

colliding polarized electrons with polarized protons and74

ions across a wide range of species and energies, the EIC75

will provide essential insights into the spin structure of76

the nucleon, the origin of mass, and the role of gluons in77

quantum chromodynamics [2, 3].78

Accurate and reliable beam polarization measurements79

are essential to the success of the EIC scientific program.80

The polarized hadron running modes foresee operation81

with proton [4] and helium-3 (3He++) beams [5] and po-82

larized electrons [6, 7], with the potential future addi-83

tion of deuterons and other light ion species. A key84

performance requirement is to deliver beam polarization85

P ≥ 0.7 with a relative uncertainty of
(
δP
P

)
≤ 1% [3].86

To meet these challenging requirements, the beam po-87

larimetry shall characterize the full polarization vector88

P⃗ = (Px, Py, Pz), track the spatial profile of the polar-89

ization in the transverse planes [8] on a bunch-by-bunch90

basis, and monitor the polarization lifetime [9] through-91

out each store. For the EIC physics analyses described92

in Ref. [3], however, it is the projection of P⃗ onto the sta-93

ble spin axis that matters, with any transverse (in-plane)94

polarization ideally minimized.95

The EIC polarimetry system will combine a high-96

accuracy absolute beam polarimeter, based on a polar-97

ized atomic beam and Breit-Rabi polarimeter (BRP),98

with fast relative proton-carbon (pC) polarimeters for99

bunch-by-bunch monitoring of polarization profiles and100

beam lifetime. The polarized jet target and two pC po-101

larimeters [10] for horizontal and vertical measurements102

are presently installed at RHIC’s interaction point (IP)103

12, where they have been successfully operated through-104

out the spin program [11, 12]. For the EIC, these instru-105

ments will be relocated to IP 4 (4 o’clock position), while106

a second pC polarimeter will be deployed at IP 6 [3], col-107

located with the primary detector (ePIC) and between108

the spin rotators, as illustrated in Fig. 1.109

It should be noted that the EIC polarimetry require-110

ments represent a substantial enhancement over current111

RHIC capabilities, as the polarized hydrogen jet tar-112

get (HJET) was designed to achieve an absolute cali-113

bration of the proton-carbon polarimeters to approxi-114

mately 5% [11]. The stringent 1% relative polarization115

uncertainty requirement demanded by the EIC physics116

program necessitates a comprehensive reassessment of all117

systematic effects, including the beam-induced target de-118

polarizing mechanisms analyzed in this work.119

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 HJET and 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.)

Beam-induced depolarizing effects due to the bunch120

structure of the beam, as observed at the HERMES po-121

larized storage cell target in the HERA ring [13], pose122

a significant risk to polarized target operations at the123

EIC. This paper quantitatively assesses such effects un-124

der the anticipated EIC beam and optics conditions at125

IP4, with the goal of ensuring reliable operation of the126

polarized target and enabling absolute beam polarime-127

try. The comparison to RHIC operation at IP12 serves128

as a benchmark to identify and understand depolariz-129

ing mechanisms that may arise at the EIC. The EIC is130

expected to operate with substantially enhanced beam131

conditions at both injection and flattop energies, partic-132

ularly in bunch number (10 × higher), bunch length (10133

× shorter), and stored beam current (3 × higher), neces-134

sitating separate analyses for EIC injection and flattop135

conditions.136

The paper is organized as follows. Section II outlines137

the principle of absolute beam polarimetry using the138

HJET and the CNI scattering method. Section III re-139

views the hyperfine level structure of hydrogen, the tran-140

sition frequencies, and the target operation at RHIC.141
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Section IV analyzes the temporal and spectral properties142

of beam-induced magnetic fields. SectionV provides a143

detailed analysis of beam-induced depolarization effects144

at RHIC flattop, including resonance conditions, photon145

emission thresholds, and spatial magnetic field distribu-146

tions at the target. SectionVI extends this analysis to the147

EIC at both injection and flattop, examining how higher148

bunch frequencies and different beam parameters affect149

depolarization of hydrogen atoms when operated at the150

same holding field as at RHIC, and presents a solution151

for reliable EIC operation. SectionVII offers concluding152

remarks.153

II. PRINCIPLE OF ABSOLUTE BEAM154

POLARIMETRY155

A. Analyzing power in the CNI region156

At the beam energies available at the Alternating Gra-157

dient Synchrotron (AGS) and RHIC, no scattering pro-158

cesses exist for which the analyzing power Ay is known159

with sufficient precision to achieve the beam polarization160

uncertainty of
(
δP
P

)
≤ 1% [14, 15]. The method devel-161

oped at RHIC for absolute beam polarization measure-162

ments therefore relies on a polarized atomic beam source163

(ABS) combined with a BRP [14, 16]. This technique en-164

ables an accurate determination of the target polarization165

Q, which is then used to calibrate the beam polarization166

based on measured asymmetries in elastic proton-proton167

scattering in the Coulomb-nuclear interference (CNI) re-168

gion [17–19].169

The CNI asymmetry arises from the interference be-170

tween electromagnetic and hadronic amplitudes at small171

momentum transfer [11, 20–22]. This same electromag-172

netic amplitude also governs the proton’s magnetic mo-173

ment µp = gpµN = 2(1 +Gp)µN , where gp is the proton174

magnetic g-factor, Gp = (gp−2)/2 is the anomalous gyro-175

magnetic ratio[23]. The nuclear magneton µN = eℏ/2mp176

and related constants are listed in Table I.177

At high energies, such as those at RHIC, the CNI re-178

gion provides a maximum analyzing power of Ay ≈ 0.046179

at t = 0.003GeV2 for pp elastic scattering [15, 17]. The180

role of electromagnetic interference in determining Ay181

and enabling absolute polarization calibration has been182

emphasized, e.g., in Ref. [19]. Because the absolute mag-183

nitude of Ay depends on both theoretical modeling and184

experimental normalization, an accurately calibrated po-185

larized target (via ABS and BRP) remains essential for186

achieving high-precision absolute beam polarization de-187

termination at the EIC.188

B. Polarized hydrogen target setup at IP12 in189

RHIC190

The HJET polarimeter [14, 25], presently located at191

IP12 in RHIC (see Fig. 1), consists of three core com-192

ponents that operate together as an integrated system.193

These include the polarized ABS, a scattering chamber194

with a holding field magnet, and the BRP, all arranged195

along a common vertical axis as illustrated in Fig. 2. Re-196

coil protons are detected in the horizontal plane, perpen-197

dicular to the directions of the circulating beams.198

The system operates under a shared vacuum main-199

tained by nine identical cylindrical chambers, each mea-200

suring 50 cm in diameter and 32 cm in length. The dis-201

sociator chamber is evacuated by three turbomolecular202

pumps, each of the subsequent chambers is evacuated by203

a pair of turbomolecular pumps in a nine-stage differen-204

tial pumping system, with each individual pump provid-205

ing a pumping speed of 1000 ℓ/s and a compression ratio206

of 106 for H2.207

The ABS generates a polarized hydrogen atomic208

beam with a target thickness of approximately 1 ×209

1012 atoms/cm2 [25], enabling continuous, non-invasive210

operation without disturbing the circulating beams or211

generating background for other experiments. While the212

initial design aimed to achieve a beam polarization un-213

certainty of
(
δP
P

)
≤ 5% [26], recent work reported in214

Ref. [27] claimed substantial reductions in systematic un-215

certainties to
(
δP
P

)
syst

≤ 0.5%. However, the method-216

ology applied in Ref. [27] for determining the molecular217

content of the atomic beam is inappropriate and under-218

estimates the contribution of hydrogen molecules in the219

target. Data from the ANKE ABS at COSY [28], ana-220

lyzed in AppendixA, show that the molecular content in221

an atomic beam is on the order of 3 to 4%, consistent with222

findings in [29, 30], and contradicting the claims made in223

Ref. [27].224

The present study evaluates the modifications neces-225

sary for adapting the HJET polarimeter system to the226

EIC environment, where significantly higher beam cur-227

rents and increased bunch repetition frequencies present228

new challenges compared to RHIC, with the goal of229

achieving a relative systematic uncertainty of
(
δP
P

)
≤ 1%.230

While additional modifications may be required, the231

adaptations identified in this study are definitively nec-232

essary for successful operation under EIC conditions.233

C. Absolute polarization calibration234

The polarized atomic beam intersects the circulating235

hadron beam in a vacuum chamber equipped with silicon236

strip detectors positioned on both sides of the beam axis,237

as illustrated in Fig. 3. The blue detector pair measures238

the scattering asymmetry of the blue beam, and the yel-239

low pair does the same for the yellow beam. From these240

scattering asymmetries, the vertical beam polarization241

component Py is extracted [27].242

With the present setup of detectors to the left (L) and243

right (R) of the beams at IP 12 in RHIC (Fig. 3), and a244

magnetic guide field of245

B⃗0 = B0 · e⃗y , (1)
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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 1.420 405 748× 109 Hz [? ]
Boltzmann constant kB 1.380 649× 10−23 JK−1 [24]
Hydrogen atom mass mH 1.673 557 5× 10−27 kg [24]
Gyromagnetic ratio of H (electron) γH/2π 28.025× 109 HzT−1 [24]
Planck constant h 6.626 070 15× 10−34 J s [24]
Elementary charge e 1.602 176 634× 10−19 C [24]
Permeability of free space µ0 4π × 10−7 Hm−1 [24]
Electron mass me 9.109 383 701 5× 10−31 kg [24]
Proton mass mp 1.672 621 923 69× 10−27 kg [24]
Bohr magneton µB = eℏ

2me
5.788 381 8× 10−5 eVT−1 [24]

Nuclear magneton µN = eℏ
2mp

3.152 451 3× 10−8 eVT−1 [24]

Electron g-factor gJ 2.002 319 3 – [24]
Proton g-factor gI 5.585 694 7 – [24]

where B0 ≈ 120mT, the vertical beam polarization com-246

ponent Py can be absolutely determined in the CNI re-247

gion near θcm = 90◦ based on the target polarization248

Qy, determined by the BRP. The relation governing the249

beam polarization dependence of scattered protons is250

given by[31]251

σ(θ, ϕ) = σ0(θ) [1 +Ay(θ)Py cosϕ] , (2)

where θ denotes the scattering angle, σ0 is the unpolar-252

ized cross section, ϕ is the azimuthal scattering angle,253

and Ay is the corresponding analyzing power. When the254

sign of the vertical target polarization Qy is periodically255

reversed to compensate for asymmetries caused by dif-256

ferences in the detector geometry or detector efficiency257

in the L and R directions [32], the target asymmetry is258

determined from the accumulated number of counts in259

the detectors via260

ϵtarget =
L− R

L + R
= Ay Qy . (3)

A measurement of the corresponding asymmetry with261

beam particles determines ϵbeam. In elastic pp scatter-262

ing, and more general in the elastic scattering of identi-263

cal particles, Ay is the same regardless of which particle264

is polarized. The beam polarization Py is then obtained265

from266

Py =
εbeam
εtarget

·Qy . (4)

When beam and target particles are both polarized,267

detector systems with full azimuthal coverage provide ac-268

cess to the other two components of the beam polariza-269

tion Px and Pz, as established in, e.g., [33, 34]. Obvi-270

ously, with an unpolarized target, due to parity conserva-271

tion as in, e.g., proton-proton scattering, the longitudinal272

beam polarization component Pz cannot be directly mea-273

sured.274

The polarimeters envisioned for proton beams at the275

EIC will combine a high-precision absolute polarimeter,276

based on an ABS and a BRP, with two fast and flexible277

relative pC polarimeters in IP4 and IP6. While the polar-278

ized hydrogen jet target technology developed for RHIC279

provides a proven foundation, the substantially higher280

beam intensities and bunch repetition frequencies at the281

EIC necessitate a comprehensive reassessment of beam-282

induced depolarization effects and a refined experimental283

design. This includes both the achievement of a beam po-284

larization measurement to a precision of
(
∆P
P

)
≤ 1% and285

the capability to determine the complete beam spin vec-286

tor P⃗ . Other critical aspects, such as the determination287

of the absolute nuclear target polarization using the BRP288

with the accuracy required for achieving the above beam289

polarization precision, will be addressed in forthcoming290

work.291

III. THE HYPERFINE STRUCTURE OF292

HYDROGEN293

The hydrogen atom’s hyperfine structure arises from294

the magnetic interaction between the proton and elec-295

tron spins. This coupling creates an energy landscape296

that is exquisitely sensitive to external magnetic fields –297

both static and time-varying. Understanding this struc-298

ture is essential because beam-induced RF fields can res-299

onantly drive transitions between these levels, potentially300

destroying the nuclear polarization that the target pro-301

vides for absolute beam polarimetry. The beam bunch302

structure generates time-varying electromagnetic fields303

that can resonantly drive hyperfine transitions in the304

hydrogen target, leading to depolarization of the target305

atoms.306
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FIG. 2: Schematic layout of the HJET polarimeter,
taken from Ref. [14], showing the atomic beam source,

the scattering chamber, and the Breit–Rabi
polarimeter. The detector geometry and coordinate

system are detailed in Fig. 3.

A. Breit-Rabi energy levels and field dependence307

In the absence of an external magnetic field, the ground308

state of hydrogen exhibits hyperfine structure due to the309

interaction between the electron and nuclear spins [35–310

37], resulting in two energy levels: a higher-energy triplet311

state with total angular momentum F = 1 (threefold de-312

generate withmF = −1, 0,+1) and a lower-energy singlet313

state with F = 0 (mF = 0). When an external magnetic314

field is applied, the degeneracy of the F = 1 level is lifted315

through the Zeeman effect, splitting it into three distinct316

energy levels corresponding to the three possible values317

of mF . The F = 0 state, having no magnetic moment in318

the coupled representation, shifts in energy but remains a319

single level. This magnetic field-induced splitting trans-320

forms the original two-level system into the four energy321

levels |1⟩, |2⟩, |3⟩, and |4⟩.322

These four hyperfine states can be precisely defined in323

the uncoupled basis {|mJ ,mI⟩} where both the electron324

and nuclear spin projections mJ ,mI = ± 1
2 are specified325

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 = 3.75mm, and 500 µm thickness. The coordinate

system is indicated with e⃗x ∥ to ring plane, e⃗y ⊥ to ring
plane, and e⃗z along the beam momentum.

independently,326

|1⟩ =
∣∣∣∣+1

2
,+

1

2

〉
= |e↑p↑⟩ (mF = +1)

|2⟩ =
∣∣∣∣+1

2
,−1

2

〉
= |e↑p↓⟩ (mF = 0)

|3⟩ =
∣∣∣∣−1

2
,−1

2

〉
= |e↓p↓⟩ (mF = −1)

|4⟩ =
∣∣∣∣−1

2
,+

1

2

〉
= |e↓p↑⟩ (mF = 0) ,

(5)

where mF = mJ + mI is the total magnetic quantum327

number, and the arrow notation indicates the relative328

orientation of electron (e) and nuclear (p) spins. States329

|1⟩ and |3⟩ have definite total angular momentum F = 1330

with mF = +1 and mF = −1, respectively, while states331

|2⟩ and |4⟩, both having mF = 0, form a coupled sys-332

tem that mixes under the influence of external magnetic333

fields.334

The energy levels of these states in an external mag-335

netic field can be quantitatively described by the Breit-336

Rabi formula [38]. For an atom with total electron angu-337

lar momentum J = 1
2 and nuclear spin I = 1

2 , the energy338
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levels are given by339

EF,mF
(B) = −Ehfs

4
+gIµNmIB±Ehfs

2

√
1 + 2mFx+ x2 ,

(6)
where Ehfs = h · fhfs is the zero-field hyperfine splitting,340

gI is the nuclear g-factor of the proton, µN is the nuclear341

magneton, and mI = ± 1
2 is the nuclear spin projection342

and mF is the magnetic quantum number of the total343

angular momentum F . The ± sign corresponds to the344

F = 1 (upper sign) and F = 0 (lower sign) hyperfine345

levels. The dimensionless field strength parameter x is346

defined as347

x =
gJµBB

Ehfs
, (7)

where gJ is the electron g-factor and µB is the Bohr mag-348

neton (see Table I for numerical values). The first term in349

Eq. (6) represents the zero-field energy offset, the second350

term describes the nuclear Zeeman effect (interaction of351

the nuclear magnetic moment with the external field),352

and the square root term captures the combined hyper-353

fine and electron Zeeman interactions.354

The ground-state hyperfine splitting in hydrogen is355

known with exceptional precision. A recent measurement356

yielded357

fhfs = (1420405748.4± 3.4stat ± 1.6syst)Hz , (8)

as reported in Ref. [39]. In energy units, using the mea-358

sured hyperfine frequency fhfs and Planck’s constant h359

from Table I, the hyperfine splitting energy is given by360

Ehfs =
hfhfs
e

= 5.874 326 17× 10−6 eV (9)

The magnetic field Bc at which the Zeeman interaction361

equals the hyperfine interaction (i.e., x = 1) is362

Bc =
Ehfs

gJµB
≈ 50.684mT , (10)

where the CODATA 2018 [24] values from Table I for h,363

e, and me were used and the classical definition µB =364

eℏ/(2me).365

For the simplified energy expressions that follow, the366

nuclear Zeeman term gIµNmIB in Eq. (6) is omitted367

since it is negligible compared to the hyperfine and elec-368

tron Zeeman interactions (the nuclear magneton is ap-369

proximately 1836 times smaller than the Bohr magne-370

ton). The hyperfine energies, whose complete derivation371

FIG. 4: Hyperfine energy levels of hydrogen |1⟩ to |4⟩
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 = B/Bc, the top axis gives B in mT.

is presented in B, can be written as372

E|1⟩(x) =
Ehfs

2

(
−1

2
+ (1 + x)

)
,

E|2⟩(x) =
Ehfs

2

(
−1

2
+

√
1 + x2

)
,

E|3⟩(x) =
Ehfs

2

(
−1

2
+ (1− x)

)
,

E|4⟩(x) =
Ehfs

2

(
−1

2
−

√
1 + x2

)
,

(11)

where the different states are labeled according to their373

total and magnetic quantum numbers |F,mF ⟩, as shown374

in Fig. 4. As the external field increases, the relevant375

quantum numbers change from the coupled representa-376

tion F,mF to the uncoupled basis mI ,mJ . The ex-377

pressions in Eq. (11) are valid for all magnetic field378

strengths, transitioning smoothly from the weak-field379

Zeeman regime (x≪ 1) through the intermediate regime380

to the strong-field Paschen-Back limit (x ≫ 1). In the381

high-field (Paschen–Back) limit, the eigenstates effec-382

tively become pure product states of nuclear and electron383

spin projections.384

The nuclear target polarization of each hyperfine state385

also depends on the magnetic field strength through the386

parameter x. As derived in B, the field-dependent nuclear387



7

polarizations are given by388

Q|1⟩(x) = +1 (constant) ,

Q|2⟩(x) = − x√
1 + x2

,

Q|3⟩(x) = −1 (constant) ,

Q|4⟩(x) = +
x√

1 + x2
,

(12)

and are depicted in Fig. 5. States |1⟩ and |3⟩ maintain389

constant nuclear polarizations of +1 and−1, respectively,390

while the mixed states |2⟩ and |4⟩ exhibit field-dependent391

polarizations that evolve from zero in the weak-field limit392

to ±1 in the strong-field limit.393

FIG. 5: Nuclear target polarization of hydrogen
hyperfine states as a function of the dimensionless
magnetic field parameter x = B/Bc, as given by

Eqs. (12). States |1⟩ and |3⟩ maintain constant nuclear
polarizations of +1 and −1, respectively, at all field

strengths. The mixed states |2⟩ and |4⟩ exhibit
field-dependent polarizations that evolve from zero in
the weak-field limit (x→ 0) to ±1 in the strong-field

limit (x→ ∞).

B. Hyperfine transition frequencies in hydrogen394

As the magnetic field increases, the energies of the hy-395

perfine states evolve, leading to field-dependent transi-396

tion frequencies between them. The energies E|i⟩(B) en-397

tering these transitions are given by the parametrization398

in Eq. (11), expressed as a function of the dimensionless399

parameter x, defined in Eq. (7). The transition frequency400

between two hyperfine states |i⟩ and |j⟩ is then given by401

fij(B) =
E|i⟩(B)− E|j⟩(B)

h
. (13)

There are six allowed transitions between the four hy-402

perfine states. Following the classification scheme[40] in-403

FIG. 6: Magnetic-field dependence of the transition
frequencies fij(B) 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.

troduced by Ramsey [35, p. 242], they are grouped ac-404

cording to the orientation of the RF field B1 relative to405

the static magnetic field B0 and the associated selection406

rules:407

• π-transitions (B1 ⊥ B0): These occur within the408

same F multiplet and obey ∆F = 0, ∆mF = ±1.409

The two π-transitions are:410

– fπ12: between |1⟩ and |2⟩411

– fπ23: between |2⟩ and |3⟩412

• σ-transitions (B1 ∥ B0): These occur between dif-413

ferent F multiplets and satisfy ∆F = ±1, ∆mF =414

0,±1. The three σ-transitions are:415

– fσ14: between |1⟩ and |4⟩416

– fσ24: between |2⟩ and |4⟩417

– fσ34: between |3⟩ and |4⟩418

• Two-photon transition (∆mF = 2): Forbidden419

as a single-photon process due to selection rules,420

this transition can occur through two-photon ab-421

sorption:422

– f2γ13 : between |1⟩ and |3⟩423

These six transition frequencies, representing all pos-424

sible transitions between the four hyperfine states, are425

plotted in Fig. 6 as a function of magnetic field up to426

4Bc.427

C. RHIC hydrogen jet target operation428

In the polarized hydrogen jet target, atoms are pre-429

pared in specific hyperfine state combinations by the430
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atomic beam source, typically |1⟩+ |4⟩ or |2⟩+ |3⟩. These431

particular combinations are chosen because they maxi-432

mize atomic beam intensity while maintaining high polar-433

ization, as the nuclear polarization components of these434

states are nearly identical, allowing efficient population435

of both states without significant polarization loss.436

The RHIC hydrogen jet target operates at a nominal437

holding field of B0 = 120 mT (≈ 2.4Bc), placing it in the438

regime where hyperfine and Zeeman interactions are com-439

parable. The efficiencies (or transmissions) of the atomic440

hyperfine states being transported in the magnetic fo-441

cusing system of the source to the interaction point de-442

pend on the effective magnetic moments[41]. The BRP443

measures the relative populations of the hyperfine states444

in the beam to determine the target polarization. Thus445

states |2⟩ and |4⟩, which have field-dependent effective446

magnetic moments (as evident from the varying slopes447

in Fig. 4), experience different transmission efficiencies in448

the ABS compared to states |1⟩ and |3⟩ with constant449

effective magnetic moments, altering the target polariza-450

tion even under idealized conditions. Any process that451

redistributes these populations – such as beam-induced452

RF transitions – directly affects the nuclear target polar-453

ization and thus the accuracy of absolute proton beam454

polarimetry. The transition frequencies calculated above455

establish which RF field components from the circulating456

beam can resonantly drive such depolarizing transitions.457

IV. TEMPORAL EVOLUTION AND SPECTRAL458

PROPERTIES OF BEAM-INDUCED MAGNETIC459

FIELDS AT RHIC460

Electromagnetic fields generated by the circulating461

beam bunches are the primary drivers of potential de-462

polarization in the hydrogen target, as they can reso-463

nantly excite hyperfine transitions when their frequency464

components match the transition frequencies discussed465

in Section 3.466

For the RHIC analysis presented in this section, we fo-467

cus exclusively on flattop operation at 255GeV for two468

practical reasons. First, there is very limited experimen-469

tal data available for nuclear target polarization measure-470

ments at injection energy due to insufficient statistics,471

whereas at flattop the polarized hydrogen target has been472

operated continuously throughout the typically 8-hour473

store duration. Second, the transverse beam size at injec-474

tion is generally larger than at flattop by approximately475

a factor of ≈
√
γflat/γinj ≈

√
255GeV/23.5GeV ≈

√
11,476

resulting in correspondingly smaller magnetic field ampli-477

tudes at the target location. The flattop analysis there-478

fore represents the more critical scenario and establishes479

a well-characterized benchmark for comparison with the480

EIC conditions analyzed in SectionVI.481

The analysis proceeds by first characterizing the tem-482

poral structure of individual bunches and the resulting483

periodic pulse train, then deriving the frequency-domain484

spectrum that determines which hyperfine transitions485

can be resonantly driven by the beam-induced fields.486

A. Bunch time structure and pulse shape487

At RHIC, the circulating beam is composed of Nb =488

120 equally spaced bunches, each containing approxi-489

mately Np = 2 × 1011 protons. For the present discus-490

sion, the abort gap is neglected. The longitudinal profile491

of each individual bunch is approximated by a Gaussian492

current distribution in time,493

Ib(t) =
Qb√
2πσt

exp

(
− t2

2σ2
t

)
, (14)

where Qb = Npe is the total bunch charge and σt is the494

temporal width of the bunch. For RHIC at top energy,495

the bunch length is approximately σL = 0.55m in the496

lab frame, which yields a time-domain width of497

σt =
σL
βc
, (15)

with β ≈ 1. This corresponds to a temporal bunch width498

of σt ≈ 1.84 ns, and, using Eq. (14), a peak current of a499

single bunch of Ipkb = Qb/(
√
2πσt) ≈ 6.97A for RHIC500

flattop parameters.501

The full set of machine and bunch parameters is sum-502

marized in Table II. A graphical representation of the503

bunch current profile is shown in Fig. 7a, illustrating504

the temporal shape used in subsequent frequency-domain505

analyses. Figure 7b shows two consecutive RHIC bunches506

at flattop and their temporal spacing.507

B. Modeling the bunch train as a periodic source508

We begin by analyzing the frequency content of the509

bunch current and the resulting RF magnetic field spec-510

trum.511

Each individual bunch is described by a temporal cur-512

rent distribution Ib(t) as shown in Fig. 7a. The full beam513

current I(t) as seen by a stationary observer is modeled514

as a convolution of the single-bunch profile with a comb515

of delta functions spaced by the bunch interval τb via516

I(t) = Ib(t) ∗
∞∑

n=−∞
δ(t− nτb) . (16)

The symbol ∗ denotes the convolution operator, defined517

for two functions f(t) and g(t) as518

(f ∗ g)(t) =
∫ ∞

−∞
f(t′) g(t− t′) dt′ , (17)

where t′ is a dummy integration variable. In the present519

context, this operation replicates the single-bunch cur-520

rent profile Ib(t) at each multiple of the bunch spacing τb,521
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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

B(r) 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 = 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 = σL/(βc) ns 1.835 0.801 0.200

Peak current (per bunch) Ipkb = Qb/(
√
2π σt) A 6.968 22.019 22.036

Revolution time τrev = L/(βc) µs 12.792 12.802 12.792
Revolution frequency frev = 1/τrev kHz 78.175 78.113 78.175
Bunch spacing τb = τrev/Nb ns 106.598 44.144 11.027
Bunch frequency fb = 1/τb MHz 9.381 22.653 90.683
Average beam current Iavg = 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 =

√
ϵnx · ϵny 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 =
√
βxβy m 5.749 60.874 126.916

Transverse rms beam size (horizontal) σx =
√
βx ϵnx/(βγ) mm – 3.513 1.610

Transverse rms beam size (vertical) σy =
√
βy ϵny/(βγ) mm – 0.689 0.268

Transverse 95% beam size (horizontal) σ95
x = σx ·

√
5.993 mm – 8.600 3.942

Transverse 95% beam size (vertical) σ95
y = σy ·

√
5.993 mm – 1.686 0.655

Radial rms beam size σr =
√
σxσy mm 0.23 1.566 0.656

Radial beam size (95%) σ95
r = σr ·

√
5.993 mm 0.56 3.808 1.607

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

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

producing a periodic pulse train with a harmonic struc-522

ture that reflects the bunch frequency fb = 1/τb. Under-523

standing this temporal structure is essential for analyzing524

the beam-induced radiofrequency fields that can depolar-525

ize the atoms in the target.526

C. Frequency-domain spectrum of the beam527

We now determine the time structure of the circulating528

beam and its harmonic content by extending the single-529

bunch description to a periodic bunch train.530

The total time-dependent current I(t) of the circulat-531

ing RHIC beam at flattop is constructed as a convolu-532

tion of the single-bunch current profile Ib(t) with a Dirac533

comb
∑

n δ(t − nτb) of period τb, as given in Eq. (16).534

The convolution of a localized function with a delta train535

yields a periodic pulse train of the same shape, replicated536

every τb.537

Due to the periodicity of the resulting current signal,538

the spectral content consists of harmonics of the bunch539

frequency fb = 1/τb, modulated by the Fourier transform540

of the individual bunch shape.541

http://www.cadops2.bnl.gov/elogs/entryList.jsp?DATABY=day&ELOG=RHIC&DATE=01/18/2022&DIR=none#1565516
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(a) Single Gaussian bunch current profile Ib(t) from Eq. (14)
with Gaussian width σt and bunch charge Q, as listed in

Table II.

(b) Two consecutive Gaussian bunches, separated by the
nominal bunch spacing τb.

FIG. 7: Temporal current profiles of RHIC bunches on
flattop at 255GeV. Panel (a): shape of an individual
Gaussian bunch used in modeling the longitudinal

current distribution. Panel (b): periodic repetition of
the bunch shape with the nominal bunch spacing τb.

Analytical form of the Gaussian bunch spectrum542

The Fourier transform of the Gaussian current distri-543

bution from Eq. (14) is well known and yields a Gaussian544

in the frequency domain, given by545

Ĩb(f) = Ipkb · exp
(
−2π2f2σ2

t

)
, (18)

where f is the frequency and σt the bunch width. This546

can also be written as Ĩb(f) = Ipkb · exp(−f2/2σ2
f ) with547

the frequency-domain width σf = 1/(2πσt). This ex-548

pression describes the envelope of the spectral intensity549

of the bunch pulse train, falling off exponentially with550

frequency. The full spectrum of the periodic train is thus551

given by552

Ĩ(f) = Ĩb(f) ·
∞∑

n=−∞
δ(f − nfb) . (19)

FIG. 8: Comparison of the numerically obtained
one-sided normalized FFT amplitude spectrum (blue) of
the RF magnetic field B(f) with the analytical envelope
(dashed red) from Eq. (18) for the conditions on RHIC
flattop. The frequency axis is shown in MHz. Harmonic

numbers n = f/fb are labeled near the peaks. The
numerically computed bunch repetition frequency
fRHIC
b in the inset agrees well with the analytically

calculated one from Table II.

Numerical evaluation of the Fourier spectrum553

To compare this analytical result with a numerical cal-554

culation, the bunch train signal I(t) was sampled over a555

time window of 2τrev with N = 106 points. The time556

resolution was chosen as557

∆t =
2τrev
N

, fs =
1

∆t
, (20)

where fs is the sampling frequency. The FFT[42] of the558

sampled current signal yields a complex-valued spectrum559

Y (f) over N points. We define the two-sided amplitude560

spectrum by561

P2(f) =
1

N

∣∣FFT[I(t)]∣∣, (21)

and the one-sided amplitude spectrum for positive fre-562

quencies as563

P1(f) =

{
P2(f), f = 0,

2P2(f), f > 0.
(22)

The frequency axis is given by564

fn =
nfs
N

, n = 0, . . . , N/2. (23)

To assess consistency with the analytical model, we nor-565

malize both P1(f) and the envelope Ĩb(f) to their respec-566

tive maxima and overlay them.567568

Figure 8 confirms that the numerical FFT closely fol-569
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lows the analytic envelope Ĩb(f) over more than an order570

of magnitude. The few peaks shown in the inset ap-571

pear at integer multiples of fb, labeled by their harmonic572

number n = f/fb, as expected from the periodic pulse573

structure. The FFT result shown in Fig. 8 is proportional574

to the spectral amplitude of the RF magnetic field B(f)575

generated by the bunched beam at the target. The y-576

axis is labeled as B/Bmax to reflect the normalization.577

For depolarization processes, however, the number of RF578

photons is proportional to the field power |B(f)|2, i.e.,579

the square of the displayed quantity.580

Resolution limit of the discrete spectrum581

The frequency resolution ∆f = fs/N in this analysis582

is governed by the total time window T = N∆t, so that583

∆f =
1

T
= 39.1 kHz (24)

for the chosen parameters, providing approximately 240584

frequency bins per harmonic spacing of fb and adequate585

resolution to identify the resonance conditions within586

±19 kHz required for hyperfine transition analysis. Suffi-587

cient spectral resolution requires a long sampling interval588

in time, whereas frequency coverage is determined by the589

sampling rate fs.590

V. BEAM-INDUCED DEPOLARIZATION OF591

HYDROGEN AT RHIC592

We now examine how the RF spectrum of the circu-593

lating RHIC beam interacts with the internal hyperfine594

structure of hydrogen atoms in the target. The analysis595

evaluates resonance conditions, calculates photon emis-596

sion rates, determines spatial field distributions, and as-597

sesses the impact on target polarization to establish op-598

erational safety thresholds.599

The RHIC flattop conditions analyzed in this section600

serve to develop and validate the computational frame-601

work, which is subsequently applied to EIC injection and602

flattop scenarios in SectionVI.603

A. Hyperfine transitions and resonance conditions604

The bunched proton beam at RHIC generates a broad-605

band spectrum of time-varying electromagnetic fields606

that can resonantly drive transitions between hyperfine607

levels in hydrogen atoms. These transitions are induced608

primarily by the magnetic component of the beam’s RF609

field, which couples to the magnetic dipole moments of610

the atom.611

The depolarization of atomic hydrogen in the presence612

of the RHIC beam arises when the frequency of a beam-613

induced RF magnetic field matches a hyperfine transi-614

tion frequency fij(B) at a given holding field B. Since615

the beam spectrum consists of discrete harmonics of the616

bunch frequency fb ≈ 9.381MHz, resonant transitions617

are possible when618

fij(B) = n · fb, n ∈ N . (25)

Figure 6 shows the field dependence of the six hyper-619

fine transition frequencies in absolute units (GHz). These620

cover a range from below 0.1GHz up to 6GHz as B varies621

from 0 to 200mT. Not all six hyperfine transitions shown622

in Fig. 6 contribute to depolarization. Transitions that623

leave the nuclear spin quantum number mI unchanged,624

such as |1⟩ ↔ |4⟩ and |2⟩ ↔ |3⟩, do not affect the hydro-625

gen nuclear polarization in the target and are therefore626

excluded from further analysis. However, when analyzing627

the polarization of the ensemble using the BRP, the tran-628

sitions between states with the same nuclear spin must629

be considered, as they affect the transmission through630

the sextupole magnets, and thus the polarization mea-631

surement in the BRP.632

To identify potential depolarization resonances, we633

evaluate the magnetic-field dependence of the remaining634

four transitions and express them both in absolute units635

(GHz) and in terms of the harmonic number n = fij/fb,636

relative to the RHIC bunch frequency fb ≈ 9.381MHz.637

The visualization in Fig. 9 illustrates where resonant con-638

ditions are met. For example, at the magnetic field of639

B0 ≈ 120mT where the hydrogen jet target is operated,640

multiple transitions such as fπ12, f
2γ
13 , and f

σ
34 lie within641

a few MHz of a beam harmonic. Such coincidences open642

depolarization channels, provided the RF spectral power643

at the corresponding harmonic is sufficiently large.644645

FIG. 9: Hyperfine transition frequencies fij(B)
expressed as harmonic numbers fij(B)/fb, relevant for

the RHIC bunch structure (Fig. 7). Dots indicate
resonance points where the transition frequency satisfies
fij(B) ≈ 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 = 120mT, the spacing between adjacent relevant

resonance points is approximately 4mT.
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To visualize these resonant conditions, the harmonic646

number n = fij(B)/fb is plotted as a function of B647

for each relevant hyperfine transition. Discrete markers648

highlight those magnetic field values where the transi-649

tion frequency closely matches an integer multiple of the650

bunch frequency, specifically when651 ∣∣∣∣fij(B)

fb
−m

∣∣∣∣ < 0.002 , with m ∈ Z . (26)

These resonance conditions establish which hyperfine652

transitions can potentially be driven by the beam spec-653

trum, but do not determine whether sufficient RF power654

exists at those frequencies to cause significant depolar-655

ization.656

B. Photon emission rate and spectral thresholds657

Having identified the resonance conditions for hyper-658

fine transitions, we now estimate whether the beam-659

induced RF field carries sufficient power at those frequen-660

cies to induce significant depolarization.661

1. Theoretical framework and broadening effects662

The frequency-domain envelope of the bunch train is663

governed by the Fourier transform of the single-bunch664

Gaussian profile, given in Eq. (18). This describes the665

spectral amplitude Ĩb(f) in terms of the peak bunch cur-666

rent Ipkb and the RMS bunch width σt, and determines667

the harmonic content of the RF fields generated by the668

circulating beam.669

To convert this current spectrum into a magnetic field670

amplitude spectrum B(f) at a transverse distance r from671

the beam axis, we use the expression672

B(f) =
µ0

2πr
· I(f) , (27)

where µ0 = 4π × 10−7 H/m is the permeability of free673

space. The expression for B(f) follows from the Biot-674

Savart law for a straight current element at distance r675

from the beam axis.676

The energy density associated with the magnetic field677

amplitude at frequency f is given by678

u(f) =
B(f)2

µ0
, (28)

so that the photon emission rate per unit bandwidth be-679

comes680

Ṅγ(f) =
u(f)

hf

Vint
τint

=
1

µ0

B(f)2

hf

Vint
τint

. (29)

Here Vint = Lint · πr2at. beam ≈ 2.40 × 10−6 m3 is the681

effective interaction volume swept out by the atomic682

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 = 419.1mm. The distance

between the exit of the RF transition unit in the ABS
and the RHIC beam amounts to ℓ1 = 30.6mm. The

beam is assumed to have a transverse radius of ≈ 5mm
as it travels downwards into the BRP.

beam of radius rat. beam = 5mm along the interaction683

length Lint = ℓ1 = 30.6mm in the upper half of the684

RHIC target chamber (see Fig. 10). The interaction685

time is τint = Lint/vatom and the atomic beam velocity686

vatom ≈ 1807m/s [43], yielding τint ≈ 17 µs.687

In this approximation, we neglect both the velocity dis-688

tribution of the atomic beam and the finite width of the689

hyperfine resonances, treating transitions as occurring at690

discrete harmonic frequencies with a single representative691

atomic velocity vatom.692

However, these previously neglected effects introduce693

significant broadening mechanisms that influence the res-694

onance conditions. For hydrogen atoms emitted from a695

thermal source at temperature T = 80K, the Maxwell-696

Boltzmann velocity distribution697

f(v) =

√
2

π

(
mH

kBT

)3/2

v2 exp

(
−mHv

2

2kBT

)
, (30)

where mH is the mass of the hydrogen atom, and kB698

the Boltzmann constant (Table I) which yields a thermal699

velocity spread along the beam axis with standard devi-700

ation701

σthermal =

√
kBT

mH
= 812m/s . (31)

This velocity distribution results in Doppler broadening702

of the transition frequency with standard deviation703

σDoppler
f = f0 ·

σthermal

c
≈ f0 · 2.71× 10−6. (32)

For the hyperfine transition at f0 = 1.42GHz, this yields704

σDoppler
f ≈ 3.85 kHz . (33)
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Additionally, power broadening arises when the RF705

magnetic field induces magnetic moment precession at706

the Rabi frequency707

fRabi = γHB1 =
gJµBB1

2πℏ
, (34)

where B1 = 200 µT represents the RF field amplitude708

averaged over the frequency spectrum (approximately 3σ709

of the Gaussian envelope shown in Fig. 8), accounting for710

the range of frequencies that contribute to power broad-711

ening and γH/2π ≈ 28.025GHzT−1 is the gyromagnetic712

ratio of the hydrogen ground state (Table I). This yields713

a precession frequency of714

fRabi ≈ 5.61MHz. (35)

For consistent treatment with the Doppler contribution,715

the effective power broadening is expressed as a stan-716

dard deviation via σpower
f = fRabi/(2

√
2 ln 2), so that the717

combined effective linewidth, assuming Gaussian contri-718

butions, is given by719

σtotal
f =

√(
σDoppler
f

)2

+
(
σpower
f )

)2

≈ 2.38MHz . (36)

This broadening has implications for the harmonic720

analysis and leads to a fundamental limitation of our721

approach. The discrete harmonic method identifies res-722

onance conditions by requiring exact frequency matches723

between hyperfine transition frequencies and beam har-724

monic frequencies. Since our analysis only flags exact725

frequency matches, it provides a lower bound on depo-726

larization risks by not accounting for these near-resonant727

effects.728

The implications for the harmonic spacing are favor-729

able: while the 2.38MHz linewidth is much larger than730

the precision required for exact matching, it remains731

small compared to the harmonic spacing (9.381MHz), en-732

suring that neighboring harmonics do not overlap. This733

validates the discrete harmonic approach while acknowl-734

edging that additional transitions within 2.38MHz of any735

harmonic frequency could exhibit resonant behavior be-736

yond what our threshold determination captures.737

2. Quantitative analysis and threshold determination738

We now apply the theoretical framework developed739

above to calculate the actual photon emission rates and740

determine depolarization thresholds for RHIC operating741

conditions.742

To account for the vertical variation of the azimuthal743

magnetic field along the atomic flight path in the upper744

half of the chamber, the field amplitude B(f) in Eq. (29)745

is replaced by its vertical average ⟨B(f)⟩, defined as746

⟨B(f)⟩ = 1

Lint

∫ Lint

0

B(f, r) dr , (37)

so that B(f)2 → ⟨B(f)⟩2 in Eq. (29). This averaging is747

necessary because atoms travel through regions of vary-748

ing magnetic field strength along their vertical flight path749

toward the target region (see Fig. 10).750

To obtain the total time-averaged photon flux of the751

full circulating beam from Eq. (29), the spectral emission752

rate must be scaled by the effective duty cycle. Defining753

the average photon emission rate as Ṅavg
γ (f), we write754

Ṅavg
γ (f) = Ṅγ(f) · fb · τt , (38)

where fb is the bunch repetition frequency (Table II) and755

τt = 2
√
2 ln 2 ·σt ≈ 4.32 ns is the FWHM of the temporal756

bunch duration. This correction reflects the fact that sig-757

nificant magnetic field amplitudes exist only during the758

brief bunch passage. The result, Ṅavg
γ (f), represents the759

physically relevant time-averaged spectral photon rate.760

The result of this calculation is shown in Fig. 11, where761

the left axis displays the photon emission rate Ṅavg
γ (f),762

and the right axis shows the corresponding magnetic763

field amplitude B(f). To induce significant depolar-764

ization, the photon emission rate at a given harmonic765

must be high enough to affect a non-negligible frac-766

tion of atoms present in the interaction volume at any767

given moment. Based on typical HJET operating con-768

ditions, the atomic flux through the interaction region is769

Φ = (12.4±0.2)×1016 atoms/s with a jet target thickness770

along the RHIC beam of (1.3±0.2)×1012 atoms/cm2 [25].771

Given the atomic flux Φ and a beam transit time through772

the interaction region of τint from above, the instanta-773

neous number of atoms in the chamber is774

Natoms = Φ · τint ≈ 2.1× 1012 . (39)

To achieve 1% depolarization, representing a measurable775

change that would significantly impact the nuclear target776

polarization and exceed the required systematic uncer-777

tainties, a photon rate of at least 2.1×1010 photons/s/Hz778

is required at resonance. This value sets a threshold,779

which is shown as a reference line in Fig. 11.780

For RHIC flattop, the intersection point where the781

photon emission rate Ṅavg
γ (f) drops below the threshold782

occurs at a frequency fcut ≈ 441.5MHz, corresponding783

to harmonic number ncut ≈ 47. Above this frequency,784

the photon flux is insufficient to depolarize a significant785

fraction of the atomic beam, making higher harmonics786

increasingly ineffective. However, this estimate involves787

uncertainties: unfortunately, no dedicated polarization788

measurements with the BRP and varying magnetic hold-789

ing field have been performed at RHIC with stored beam790

to locate the true depolarization onset, and transient791

beam-induced fields may locally shift atoms into reso-792

nance. The following section provides a quantitative es-793

timate of the relevant magnetic fields in the interaction794

region.795



14

FIG. 11: Photon emission rate Ṅavg
γ (f) from Eq. (38)

(left axis, blue line) and corresponding RF magnetic
field amplitude B(f) (right axis, dashed line), both
derived from the analytical Gaussian RHIC bunch

envelope in Eq. (18) and converted using Eq. (27). The
photon rate is computed from the energy density using

Eq. (29). The dashed horizontal line marks the
threshold of 2.1× 1010 photons/s/Hz required to

depolarize about 1% of the atoms in the beam. The
vertical line marks the cutoff frequency fcut and

harmonic number ncut where the photon rate drops
below the depolarization threshold.

C. Instantaneous magnetic field at the target796

We now quantify the instantaneous magnetic field gen-797

erated by the beam bunch as it passes the atomic target,798

based on the spatial current distribution of the beam.799

To estimate the magnetic field amplitude experienced800

by atoms in the target due to the circulating beam, we801

model the transverse distribution of a single bunch as a802

two-dimensional Gaussian803

ρ(x, y) =
1

2πσxσy
exp

(
− x2

2σ2
x

− y2

2σ2
y

)
, (40)

where σx,y are the horizontal and vertical RMS beam804

sizes at the interaction point. This expression allows for805

asymmetric (elliptical) beams; the round-beam case cor-806

responds to σx = σy ≡ σr.807

Assuming that the longitudinal and transverse distri-808

butions factorize and the beam propagates along the z-809

axis, the current density becomes810

J⃗(x, y, z, t) = e⃗z · Ib(t) · ρ(x, y), (41)

where Ib(t) is the time-dependent longitudinal bunch811

current profile, defined in Eq. (14) with peak current Ipkb812

from Table II.813

Round beam profiles814

We distinguish between round and elliptic transverse815

beam profiles to evaluate how the bunch geometry influ-816

ences the spatial dependence of the magnetic field at the817

target.818

The magnetic field at a transverse point r⃗ = (x, y)819

(e.g., where an atom in the target is located) is obtained820

from the Biot-Savart law,821

B⃗(r⃗, t) =
µ0

4π

∫
J⃗(r⃗ ′)× (r⃗ − r⃗ ′)

|r⃗ − r⃗ ′|3
d3r′, (42)

which yields a magnetic field B⃗ = B(r, t) e⃗ϕ, oriented in822

the azimuthal direction e⃗ϕ, which is defined by the right-823

hand rule as e⃗ϕ = e⃗z × e⃗r. This results in824

B⃗(r, t) =
µ0

2πr
· Ib(t) · F (r) e⃗ϕ , (43)

where F (r) is a dimensionless geometric correction factor825

that accounts for the spatial extension of the transverse826

beam distribution. For a round Gaussian beam, F (r) can827

be evaluated analytically via828

F (r) = 1− exp

(
− r2

2σ2
r

)
, (44)

with σr = σx = σy. In the limit r ≫ σr, the expres-829

sion reduces to the standard Biot-Savart result for a line830

current,831

B(r, t) ≈ µ0

2πr
· Ib(t). (45)

To analyze the spectral content, we take the Fourier832

transform of the time-dependent current profile,833

B(f, r) =
µ0

2πr
· I(f) · F (r), (46)

where I(f) is the current amplitude spectrum defined in834

Eq. (18).835

Elliptic beam profiles836

In the general case where σx ̸= σy, the beam has an837

elliptical transverse profile. The Biot-Savart integral in838

Eq. (42) must be evaluated numerically for arbitrary field839

points r⃗. To handle this more complex geometry effi-840

ciently, we employ a vector potential approach.841

The magnetic field B⃗(r⃗) generated by a steady cur-842

rent distribution J⃗(r⃗ ′) can be expressed using the vector843

potential formalism,844

B⃗(r⃗) = ∇× A⃗(r⃗) , (47)

where the vector potential A⃗(r⃗) satisfies the Poisson845
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equation846

∇2A⃗(r⃗) = −µ0J⃗(r⃗) . (48)

For a current flowing in the z-direction with a 2D Gaus-847

sian transverse profile, the vector potential has only a848

z-component. Using the appropriate Green’s function849

for the 2D Laplacian, this component can be expressed850

as851

Az(r⃗) = −µ0

2π

∫∫
Jz(r⃗

′) ln
1

|r⃗ − r⃗ ′|
dS′, (49)

where Jz(r⃗
′) is the current density distribution for the852

elliptical Gaussian beam,853

Jz(x
′, y′) = Ib · ρ(x′, y′) , (50)

with ρ(x, y) as defined in Eq. (40).854

The magnetic field components are then obtained from855

the curl of A⃗ via856

Bx =
∂Az

∂y
, By = −∂Az

∂x
, Bz = 0 . (51)

Since the vector potential has only a z-component and857

we are examining the 2D transverse Gaussian current858

distribution at a fixed instant (at the peak of the bunch),859

the magnetic field at this moment has no longitudinal860

component (Bz = 0).861

This vector potential approach inherently handles the862

potential singularity in the Biot-Savart law through the863

naturally regularizing properties of the Gaussian cur-864

rent distribution, while enabling efficient numerical im-865

plementation on a discrete grid. Unlike the round beam866

case, the resulting magnetic field becomes direction-867

dependent even at fixed radial distance, making this868

treatment essential for the elliptical beam profiles ex-869

pected at the location of the polarized target in IP4 at870

the EIC.871

D. Spatial field distribution872

We now turn to the spatial profile of the peak magnetic873

field amplitudes at the target, emphasizing their depen-874

dence on beam optics parameters such as emittance and875

beta function.876

To evaluate the magnetic field amplitude B(f, r) expe-877

rienced at a given transverse offset r, we require knowl-878

edge of the transverse beam dimensions σx and σy. For879

RHIC, these are derived from the normalized emittance880

ϵn and local beta functions βx,y at the present target lo-881

cation at IP12. The transverse RMS beam sizes are given882

by883

σx,y =

√
βx,y ϵnx,y
βγ

, (52)

where β and γ are the relativistic factors. To convert884

from RMS to 95% normalized emittance, a factor of 5.993885

is used in one dimension, as discussed in Ref. [44], so that886

ϵn, 95x,y = ϵnx,y · 5.933 , and

σ95
x,y = σx,y ·

√
5.933 .

(53)

Table II summarizes the relevant beam and optics pa-887

rameters at IP 12 for RHIC at flattop (E = 255GeV).888

The normalized RMS emittance was taken from the889

RHIC dashboard during run 22.890

Figure 12 shows the peak magnetic flux density B(r)891

produced by a passing RHIC bunch as a function of trans-892

verse distance r from the beam axis, assuming a round893

Gaussian beam with RMS width σr determined by the894

beta function and normalized emittance at the HJET895

location. The curve shows the 255GeV flattop energy,896

evaluated at the peak of the bunch distribution (t = 0)897

from Eq. (14). The field drops off approximately as 1/r898

for r ≫ σr.899

FIG. 12: Peak azimuthal magnetic flux density B(r)
produced by a single bunch at RHIC at flattop energy
255GeV as a function of transverse distance r from the
beam center. The field amplitude is evaluated at the
peak current using Eq. (43). Vertical and horizontal
markers indicate the field maximum and its location.

In the vicinity of the nominal holding field B0 =900

120mT, as shown in Fig. 9, the spacing between consecu-901

tive resonances for the fσ34 and fπ12 transitions is approx-902

imately 4mT. Variations in the holding field can shift903

the system in and out of resonance with beam harmonics,904

potentially modulating the nuclear depolarization rate of905

the target.906

It is important to note that the target polarization ob-907

served in the detector system is determined from many908

bunches that sequentially intercept the target. Depolar-909

ization effects are strongest when the bunch center co-910

incides with the target location, corresponding to the911

peak of the beam-induced magnetic field. This local-912

ized and transient interaction can alter the spin compo-913

sition of the sample seen by the detectors that measure914

scattered protons to the left and right of the target. In915

contrast, the Breit-Rabi polarimeter (BRP) measures the916
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time-averaged spin population of atoms exiting the target917

chamber and may not resolve short-lived depolarization918

effects occurring only during bunch passage. Note that919

this paper does not investigate potential beam-induced920

effects on the BRP measurement itself.921

E. Impact on target polarization922

Having established the spatial and spectral character-923

istics of the beam-induced magnetic field at RHIC flat-924

top, we now assess its impact on the target polarization925

through its influence on hyperfine transition conditions.926

The azimuthal time-dependent magnetic field B⃗(r, t)927

from Eq. (43) generated by the passing beam bunch928

reaches amplitudes of several mT near the beam axis929

and varies rapidly across the transverse extension of the930

atomic beam. This field plays a central role in deter-931

mining whether hyperfine transitions can be driven res-932

onantly. As shown in Fig. 12, for a circulating RHIC933

beam at flattop energy of 255GeV, the peak magnetic934

field amplitude is Bmax = 2.73mT, occurring at a radial935

distance r = 0.36mm from the beam axis, well within the936

atomic beam diameter of approximately 10mm [25], and937

more importantly, well within the transverse target area938

sampled by the RHIC beam, for which σ95%
r = 0.56mm939

(see Table II). This corresponds to the location where940

the transverse field profile peaks for a round Gaussian941

beam. The resulting time-dependent RF field must be942

considered when assessing the proximity of hyperfine943

transition frequencies to harmonic components in the944

beam spectrum. For comparison, at RHIC injection en-945

ergy (23.5GeV, γ ≈ 25.05), the beam size scales as946

σx,y ∝
√
βx,yϵn/(βγ), so that the radius is approximately947 √

10 times larger, substantially reducing the maximum948

magnetic field amplitudes to about Bmax ≈ 0.70mT at949

r ≈ 1.4mm.950

Since the local magnetic field shifts the hyperfine en-951

ergy levels, the resonance condition for transitions, given952

in Eq. (25), can be modified locally by the presence of the953

beam-induced magnetic field B⃗(r, t), even if the static954

holding field B⃗0 is uniform. As the bunch passes, atoms955

at different transverse positions experience different in-956

stantaneous total magnetic fields,957

B⃗eff(r, t) = B0 · e⃗y +B(r, t) · e⃗ϕ , (54)

where B(r, t) is the magnitude of the azimuthal mag-958

netic field from Eq. (43) and B0 the static holding field959

from Eq. (1). This superposition of static holding and960

beam-induced field alters not only the resonance con-961

dition for transitions but also the local magnitude and962

orientation of the magnetic field that defines the spin963

quantization axis of the nuclear target polarization. As a964

result, atoms on opposite sides of the beam axis experi-965

ence different magnetic fields during the bunch passage.966

Since the hyperfine energy levels – and thus the equilib-967

rium nuclear polarization – depend non-linearly on the968

local field strength, these field asymmetries induce small,969

spatially dependent variations in the target polarization.970

When the beam-target interaction is perfectly symmet-971

ric, these effects average out, but any asymmetry in the972

beam-target overlap (beam not perfectly centered, etc.)973

can lead to a net modification of the measured target974

polarization.975

Averaging the azimuthal magnetic field across the976

beam radius out to σ95
r in the midplane (y = 0) yields977

a net offset of approximately 2.09mT. This breaks978

the left-right symmetry, since the effective average field979

becomes BL = 122.09mT in the left hemisphere and980

BR = 117.91mT on the right. This spatial variation981

leads to an imbalance in the nuclear polarization of atoms982

through which the stored beam passes. To quantify the983

effect for two injected states like |1⟩ + |4⟩, we calculate984

the resulting difference in target polarization between the985

hemispheres through986

δQ =
Q|1⟩+|4⟩(BL)−Q|1⟩+|4⟩(BR)

Q|1⟩+|4⟩(Bnom
y )

≈ 0.25%, (55)

where we have used the expressions from Eq. (12). The987

result is the same for states |2⟩ + |3⟩, and the effect ap-988

pears to be small for HJET operation at RHIC and does989

not contribute significant systematic uncertainty to the990

measured jet polarization.991

The analysis shows that under RHIC conditions, beam-992

induced depolarization is unlikely to play a significant993

role. The time-averaged photon emission rate Ṅγavg(f)994

falls below the critical threshold of 2.1 × 1010 pho-995

tons/s/Hz above the cutoff frequency fcut ≈ 441.5MHz,996

corresponding to harmonic number ncut ≈ 47. To ensure997

robustness against local perturbations – such as those998

from the beam’s own transient magnetic fields – it is999

prudent to treat ncut as a lower bound and avoid op-1000

eration below a factor of ≈ 3 of this limit. For compar-1001

ison, Fig. 9 shows that RHIC flattop provides a safety1002

factor of approximately 5 (≈ 375/75) for HJET oper-1003

ation. Furthermore, field-induced modifications to the1004

effective holding field lead to a small target polarization1005

imbalance across the atomic beam, with δQ/Q ≲ 0.2%1006

for the typical |1⟩+ |4⟩ and |2⟩+ |3⟩ injected state combi-1007

nations. Overall, these results establish RHIC as a well-1008

characterized reference point, providing the baseline for1009

the EIC-specific evaluation in the next section.1010

VI. BEAM-INDUCED DEPOLARIZATION OF1011

HYDROGEN AT THE EIC1012

Having established the computational framework us-1013

ing the RHIC conditions in SectionV, we now apply1014

this methodology to evaluate beam-induced depolariza-1015

tion risks at the future EIC. The EIC presents new chal-1016

lenges due to higher bunch repetition frequencies, smaller1017

beam sizes, and elliptical beam profiles. We assess depo-1018
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larization risks for the operation of the polarized hydro-1019

gen target at EIC injection and flattop energies (23.5GeV1020

and 275GeV).1021

Unlike at RHIC, at injection, the hadron beams at1022

EIC will undergo electron cooling for approximately1023

30minutes to reduce the vertical emittance, thereby pro-1024

viding an extended window for beam polarization cali-1025

bration using the HJET. Measurements at both injection1026

and flattop energies are essential to establish absolute1027

polarization calibration points throughout the accelera-1028

tor chain. With present-day polarized target technology1029

and the anticipated hundreds to over a thousand bunches1030

circulating in the EIC, these measurements will surpass1031

both the systematic and statistical precision achievable1032

in the Booster or AGS, where only single bunches or a1033

few bunches can be stored. Furthermore, absolute po-1034

larization calibration is essential to understand polariza-1035

tion transmission through the accelerator chain, where1036

for protons such calibration is currently only available at1037

the 200MeV polarimeter behind the Linac [45].1038

A. EIC beam parameters, spectral characteristics,1039

and depolarization thresholds for B0 = 120mT1040

In this section, we examine how the situation would1041

appear if the polarized target were operated at the same1042

B0 = 120mT holding field as at RHIC.1043

The beam and optics parameters at the future HJET1044

location in IP 4 for both EIC energies are summarized in1045

Table II. Compared to RHIC conditions, the EIC presents1046

several key differences: significantly higher bunch repe-1047

tition frequencies, smaller normalized emittances lead-1048

ing to reduced transverse beam sizes, and elliptical beam1049

profiles due to unequal beta functions at the interaction1050

point. These parameters alter the RF field strength, har-1051

monic density, and spatial field distributions experienced1052

by the hydrogen atoms, as it brings many more atomic1053

transitions within the range of potentially depolarizing1054

harmonics.1055

Importantly, the elliptical transverse beam profile at1056

the EIC does not influence the frequency-domain spec-1057

trum, which depends solely on the longitudinal current1058

distribution Ib(t) and bunch spacing fb. The beam-1059

induced magnetic field spectrum B(f) inherits this har-1060

monic structure directly through Eq. (27), enabling direct1061

application of the resonance analysis framework estab-1062

lished in SectionV.1063

The frequency-domain spectra of the EIC bunch trains1064

at injection (23.5 GeV) and flattop (275 GeV) energies1065

were numerically obtained alongside the analytical en-1066

velopes, in the same fashion as shown on Fig. 8, making1067

use of Eq. (18) with the EIC-specific parameters from1068

Table II, yielding a familiar series of discrete harmonic1069

peaks modulated by a Gaussian envelope. Compared to1070

the RHIC spectrum (Fig. 8), both EIC spectra shown in1071

Fig. 13 indicate a considerably higher frequency content1072

due to their shorter bunch durations and higher bunch1073

(a) EIC injection (23.5GeV)

(b) EIC flattop (275GeV)

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 = f/fb are

labeled for selected peaks.

frequencies.10741075

The photon emission rates Ṅavg
γ (f) from Eq. (38) for1076

the two cases were analyzed to determine where the pho-1077

ton rate drops below the depolarization threshold in the1078

same way as previously applied for RHIC in Fig. 11. The1079

cut-off frequency fcut and corresponding harmonic cut-off1080

ncut were obtained to depolarize about 1% of the atoms1081

in the beam. The results are summarized in Table III.1082
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(a) EIC injection (23.5 GeV) (b) EIC flattop (275 GeV)

FIG. 14: Resonant overlap between hydrogen hyperfine transition frequencies fij(B) and the harmonic spectrum of
the EIC bunch structure for injection (a) and flattop (b) energies. The plots show the harmonic number fij(B)/fb
as a function of magnetic field B, with markers indicating points where a near-resonant condition fij(B) ≈ nfb is
satisfied within a tolerance of 0.002. On flattop, in the region near the static holding field B0 = 120mT used at

RHIC, the spacing between adjacent resonances would be ≈ 1.5mT.

TABLE III: Result of the frequency-domain spectral
analysis of the bunch trains listing the obtained

parameters fcut and harmonic cut off 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
cut-off frequency fcut [MHz] 441.5 1039.1 4053.6
harmonic cut off ncut(fcut) 47.1 45.9 44.7

B. Hyperfine transition resonances in hydrogen for1083

B0 = 120mT1084

We now examine how the EIC’s higher bunch repe-1085

tition frequencies affect hyperfine transition resonances1086

based on the results from the spectral analysis summa-1087

rized in Table III.1088

The resonance condition for transitions between hydro-1089

gen hyperfine states given in Eq. (25) applies at the EIC1090

as well. However, the higher bunch repetition frequen-1091

cies at the EIC compared to RHIC cause all resonances1092

to shift toward lower harmonic numbers n = fij(B)/fb.1093

At RHIC, several transitions – such as the |2⟩ → |4⟩1094

and |1⟩ → |3⟩ transitions – appeared only at harmonic1095

numbers above n ≈ 375 and could therefore be safely ig-1096

nored in the depolarization analysis. At the EIC, these1097

same transitions are mapped to significantly lower har-1098

monic numbers where the spectral power is still high.1099

As shown in Fig. 14, this effect will be most pronounced1100

for EIC flattop energy where all hyperfine transitions fall1101

within the spectral range of potentially depolarizing har-1102

monics, increasing the number of transitions that must1103

be taken into account.1104

A second implication is the significantly reduced mag-1105

netic field spacing between adjacent resonances. At1106

RHIC, the separation between relevant depolarizing res-1107

onance points near the holding field B0 = 120mT was1108

about 4mT (see Fig. 9). At the EIC, this spacing com-1109

presses to approximately 1.5mT in the same field region1110

[Fig. 14b]. This narrow spacing increases the sensitivity1111

of the atomic beam to even modest perturbations of the1112

magnetic field in the vicinity of the interaction region. In1113

particular, beam-induced time-dependent magnetic fields1114

Bbeam(x, y, t) may drive atoms locally and transiently1115

into resonance – an effect that was negligible at RHIC1116

but must be assessed explicitly for the EIC. The follow-1117

ing section addresses this by quantifying the magnitude1118

and spatial variation of beam-induced magnetic fields at1119

the EIC target.1120

C. Beam-induced magnetic fields at the EIC target1121

location in IP41122

In order to relate the magnetic field distribution of an1123

elliptic beam to that of an equivalent round beam, we1124

define first a circular beam profile with the same RMS1125

transverse area. This is achieved by equating the area1126

πσxσy of the original Gaussian beam with the area of a1127

symmetric beam πσ2
r , yielding1128

σr =
√
σxσy . (56)

This effective round-beam size corresponds to using ge-1129

ometric means of the normalized emittances and beta1130
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(a) EIC injection (23.5 GeV) (b) EIC flattop (275 GeV)

FIG. 15: Magnetic field distribution for the EIC at injection (left panel) and flattop (right). The blue curves show
the analytical solutions for a symmetric Gaussian beam with σr as indicated in the legend, reaching the shown peak
fields. Red and green markers show numerical calculations using the Green’s function method for an asymmetric

beam with σx and σy (see legend), along the x and y axes, respectively.

functions,1131

σr =

√
ϵnavg · βavg

βγ
, (57)

with1132

ϵnavg =
√
ϵnxϵ

n
y , and βavg =

√
βxβy , (58)

ensuring that the round-beam approximation preserves1133

both the total charge density and transverse extent rele-1134

vant for calculating average magnetic fields.1135

The peak instantaneous magnetic flux densities are cal-1136

culated using the same methodology as in SectionVC.1137

For a round Gaussian beam with σx = σy = σr, the1138

magnetic field follows the analytical form previously de-1139

scribed in Eq. (43). For the asymmetric Gaussian beam1140

parameters of the EIC at IP4, listed in Table II, we em-1141

ploy the vector potential approach described in Section1142

VC to numerically calculate the magnetic field.1143

Figure 15 compares the magnitude of the magnetic field1144

as a function of distance r from the center of the current1145

distribution for both the symmetric approximation and1146

the full asymmetric calculation. The magnetic field is1147

plotted along the x and y axes, parallel to the long and1148

short axes of the elliptical beam current distribution, re-1149

spectively. Unlike the round beam case where the field is1150

purely azimuthal with equal magnitude at fixed radius,1151

the asymmetric beam produces different field distribu-1152

tions when measured along these principal axes. Notably,1153

the magnetic field magnitude of the asymmetric current1154

distribution does not exceed that of the equivalent round1155

beam at any radius. This indicates that the round beam1156

approximation provides a safe conservative upper limit1157

for the expected magnetic flux density in the vicinity of1158

the beam.1159

D. Quantum mechanical depolarization analysis1160

The preceding analysis has shown that EIC operation1161

at B0 = 120mT brings hyperfine transitions into the1162

range of populated beam harmonics, creating potential1163

depolarization risks. As illustrated in Fig. 14, the EIC’s1164

higher bunch frequency maps hyperfine transitions to1165

much lower harmonic numbers compared to RHIC. For1166

flattop operation, this creates problematic resonance sce-1167

narios: the σ24 and two-photon f2γ13 transitions exhibit1168

extremely dense spacing of approximately 1.5mT, while1169

power broadening effects can significantly widen effective1170

resonance regions.1171

To quantify these effects, we use the quantum mechan-1172

ical framework from Appendix C. The stimulated transi-1173

tion rate for a specific hyperfine transition is1174

Γij(f) =
2π

ℏ
|⟨j|H1|i⟩|2S(f)Vint , (59)

where S(f) = B1(f)
2/(2µ0) is the spectral power density1175

and the matrix elements depend on the transition type1176

through the Breit-Rabi mixing coefficients.1177

Consider the π12 transition resonance at B0 = 102mT.1178

From Fig. 14b, this occurs at harmonic number n = 61179

(frequency f = 544MHz). The EIC beam spectral en-1180

velope (see Fig. 16) provides B1 = 1174 µT at this fre-1181

quency. At B0 = 102mT, the dimensionless field param-1182
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FIG. 16: Photon emission rate and magnetic field
spectral envelope for EIC flattop operation (275 GeV).
The blue solid line shows the average photon emission
rate Navg

γ (f) (left axis), with the photon emission

threshold at 2.1× 1010 photons/s corresponding to
fcut = 4053.6MHz and harmonic number ncut = 44.7.
The red dashed line shows the beam-induced magnetic
field spectral envelope B(f) (right axis), averaged over

the interaction region.

eter x = 2.01 gives cos2 θ = 0.946 for this π-transition.1183

The Rabi frequency is Ω = 2.01× 108 rad s−1, yielding a1184

transition probability1185

Π = sin2
(
Ωτint
2

)
= sin2(1708) ≈ 0.73 . (60)

This demonstrates that 73% of hydrogen atoms undergo1186

hyperfine transitions when encountering this resonance.1187

Such a dramatic depolarization effect would be immedi-1188

ately visible in the BRP.1189

As a second example, consider the σ24 transition at1190

B0 = 119.1mT and harmonic number n = 40 from1191

Fig. 14b (frequency f = 3627MHz). For this case, we1192

use the spatial field distribution approach with an effec-1193

tive field amplitude B1 = 1.5mT from Fig. 15b. The1194

interaction time is set by the duration atoms spend1195

traversing the localized high-field region, given by τint =1196

1.5mm/1807m s−1 ≈ 0.83 µs. The mixed σ-transition1197

has a matrix element of 0.130 at this field strength, yield-1198

ing a Rabi frequency Ω = 9.51× 107 rad s−1 and a tran-1199

sition probability of approximately 36%. These calcu-1200

lations demonstrate that EIC operation in the 120 mT1201

region leads to unavoidable depolarization effects. While1202

the extreme case of operating directly on resonance (73%1203

depolarization) can be avoided through proper B0 field1204

selection, the dense resonance spacing of approximately1205

1.5mT means that beam-induced field variations will1206

sweep atoms across multiple resonance conditions. Power1207

broadening effects (SecVB1) further widen each reso-1208

nance by approximately ±0.3mT, increasing the proba-1209

bility of resonant encounters and causing significant po-1210

larization loss (36% demonstrated here). The quantum1211

mechanical analysis validates the need for alternative op-1212

erating conditions that move all hyperfine transitions1213

away from populated beam harmonics where such en-1214

counters become unavoidable.1215

These quantum mechanical calculations provide valu-1216

able physical insight but represent order-of-magnitude1217

estimates rather than precise predictions. The analysis1218

assumes uniform conditions, whereas the actual beam-1219

induced fields exhibit complex temporal structure and1220

strong spatial variation across the atomic beam volume.1221

The calculated probabilities demonstrate physical capa-1222

bility for significant depolarization rather than quantita-1223

tive forecasts.1224

E. From RHIC to EIC: increasing HJET holding1225

field to suppress depolarizing resonances1226

As discussed in SectionVIB, the use of a static hold-1227

ing field of B0 = 120mT, as employed at RHIC, would1228

be incompatible with reliable operation at the EIC. At1229

this field strength, essentially all hyperfine transitions in1230

hydrogen would lie within the dense spectrum of beam-1231

induced harmonics, leading to significant depolarization.1232

The critical harmonic cutoff for depolarizing photon1233

emission at EIC flattop lies around fcut = 4054MHz1234

(harmonic number ncut ≈ 45), as shown in Fig. 16.1235

While this cutoff is comparable to RHIC in terms of1236

harmonic number, the EIC’s higher bunch frequency1237

(fb = 90.683MHz) maps hyperfine transitions to much1238

lower harmonic numbers than at RHIC. At B0 = 120mT,1239

virtually all transitions become vulnerable to resonant1240

depolarization, as indicated in Fig. 14b.1241

Exacerbating this issue, the magnetic field generated1242

by the beam itself, on the order of 3mT as shown in1243

Fig. 15b, further compromises target operation. Given1244

the narrow resonance spacing of approximately 1.5mT1245

under these conditions, such beam-induced field varia-1246

tions can sweep atoms across multiple hyperfine reso-1247

nances, making target operation at 120mT untenable.1248

The solution suggested here is to increase the hold-1249

ing field to eliminate resonance overlap. Figure 17 il-1250

lustrates that above B0 ≈ 236.06mT, the highest tran-1251

sition frequencies fπ12 and fσ34 no longer coincide with1252

any harmonic that could induce depolarization, as har-1253

monic number 8 is never reached by either fπ12 or fσ341254

beyond this field. Operating the HJET in the vicinity1255

of B0 ≈ 400mT, e.g., in the blue shaded region shown1256

in Fig. 17, ensures a region free from depolarizing condi-1257

tions, and will keep all hyperfine transition frequencies1258

at least a factor of1259

f13
fb

≈ 125

ncut
≈ 2.8 (61)

away from populated beam harmonics. This configura-1260

tion appears feasible for both EIC injection and flattop1261

energies and provides a reliable solution for suppressing1262

beam-induced depolarization.1263
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The quantum mechanical analysis presented in Sec-1264

tionVID provides additional validation of these con-1265

cerns, demonstrating that when resonance conditions are1266

encountered at a magnetic guide field of 120mT in the1267

EIC, significant target depolarization occurs (up to 73%1268

for direct resonance hits, 15 − 35% for spatial field ef-1269

fects). However, while the quantum mechanical analysis1270

demonstrates the physics underlying these depolarization1271

risks, the primary justification for the 400mT recommen-1272

dation remains the photon emission threshold analysis,1273

which provides a more robust framework for handling1274

the broadband, spatially varying RF fields characteristic1275

of bunched beam environments.1276

Beyond eliminating depolarizing resonances, operating1277

at 400 mT provides substantial improvements in system-1278

atic uncertainties from beam-induced field asymmetries.1279

To quantify this additional benefit, we analyze the polar-1280

ization asymmetries using the methodology established1281

for RHIC in Eq. (55) and compare the three operational1282

scenarios.1283

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

The beam-induced magnetic field characteristics for1284

the three operational scenarios are summarized in Ta-1285

ble IV, with peak field values extracted from Figs. 121286

(RHIC) and 15 (EIC). The field offset values, repre-1287

senting the average magnetic field asymmetry across the1288

atomic beam radius in horizontal direction, are calculated1289

by integrating the azimuthal magnetic field over the re-1290

spective beam cross-sections using the transverse beam1291

sizes (σr) listed in the table.1292

The analysis demonstrates that the 400 mT holding1293

field provides a dual benefit: complete elimination of de-1294

polarizing resonances while reducing the systematic un-1295

certainties from beam-induced magnetic field by more1296

than an order of magnitude compared to RHIC opera-1297

tion. Both EIC scenarios exhibit polarization asymme-1298

tries well below 0.1%, representing improvements of 18×1299

(injection) and 8× (flattop) relative to RHIC for this ef-1300

fect, confirming that the higher field strength addresses1301

both operational reliability and precision requirements1302

for EIC polarimetry.1303

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 = B0/Bc, the nuclear polarization for combined

injection of states |1⟩+ |4⟩ or |2⟩+ |3⟩, 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 ∆B being the total field
difference. The target polarization asymmetry δQ/Q is

calculated using Eq. (55).

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 – 2.4 7.9 7.9
|Q|1⟩+|4⟩| – 0.962 0.996 0.996|Q|2⟩+|3⟩|
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
∆B mT 4.2 2.0 4.6(

δQ
Q

)
% 0.253 0.012 0.027

VII. CONCLUSION AND OUTLOOK1304

This work has systematically investigated the risk of1305

beam-induced depolarization in the hydrogen jet po-1306

larimeter system, with a focus on identifying conditions1307

under which the system can function reliably at the1308

Electron-Ion Collider (EIC). Polarization measurements1309

are essential at both injection and flattop energies, and1310

the goal has been to define operational settings for the1311

magnetic holding field B0 that ensure immunity from de-1312

polarizing resonances.1313

A realistic model of the atomic hyperfine level struc-1314

ture under magnetic fields was combined with a de-1315

tailed description of the beam’s temporal structure to1316

assess potential depolarization mechanisms. In partic-1317

ular, the beam’s bunch structure was treated as a pe-1318

riodic train, allowing for harmonic decomposition and1319

frequency-domain analysis via discrete Fourier trans-1320

form. This approach provides a rigorous and transparent1321

framework for identifying resonance conditions between1322

beam harmonics and hyperfine transitions, offering a sys-1323

tematic basis for evaluating depolarization risks in beam-1324
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target interactions for the EIC. The approach described1325

here can be readily applied to evaluate the situation of1326

the planned polarized jet target at the LHC [46].1327

A key innovation introduced in this study is the formu-1328

lation of beam-induced depolarization in terms of a pho-1329

ton emission threshold: a cutoff frequency fcut, above1330

which the likelihood of resonant transitions is signifi-1331

cantly reduced due to the steep falloff in spectral power.1332

This provides a robust basis for comparing different ac-1333

celerator configurations on the same quantitative footing.1334

For RHIC, this cutoff lies near 441.5MHz, correspond-1335

ing to a harmonic number ncut ≈ 47. At the EIC, due1336

to its approximately 10 × higher bunch frequency, the1337

same ncut corresponds to an absolute cutoff frequency of1338

4.05GHz. As a result, the same set of hyperfine transi-1339

tions is exposed to lower harmonic numbers at the EIC,1340

increasing the likelihood of resonant overlap with popu-1341

lated beam harmonics at a given holding field.1342

To validate this photon emission framework, a rigorous1343

quantum mechanical analysis using proper Breit-Rabi1344

matrix elements and stimulated transition rates was per-1345

formed. The quantum mechanical calculations demon-1346

strate that when resonance conditions are encountered at1347

the EIC, significant depolarization occurs (> 70% for di-1348

rect resonance encounters), while the same transitions at1349

RHIC fall in spectral regions with negligible field ampli-1350

tudes. This quantummechanical validation confirms that1351

the photon emission approach correctly identifies prob-1352

lematic frequency ranges, though the simplified treat-1353

ment of field coherence and spatial uniformity in this1354

approach means these calculations should be viewed as1355

physics demonstrations rather than precise quantitative1356

predictions.1357

Furthermore, the spatial variation of the magnetic1358

field near the beam but within the target volume was1359

calculated using the Biot-Savart law applied to a two-1360

dimensional Gaussian beam profile. The derivation em-1361

ployed the magnetic vector potential to accurately cap-1362

ture the azimuthal field generated by elliptic beam dis-1363

tributions. This beam-induced field adds asymmetrically1364

to the static holding field, leading to spatial variations1365

in the net magnetic field direction, which can symmetri-1366

cally alter the local spin orientation and thus the actual1367

nuclear polarization of atoms across the target volume.1368

All modeling and analysis techniques were bench-1369

marked using parameters from RHIC at flattop, where1370

successful beam polarimetry using the HJET has been1371

demonstrated. The same methods were then applied to1372

EIC conditions, both at injection and flattop energies.1373

It was shown that the current RHIC operating point at1374

B0 = 120mT is no longer viable at the EIC, as nearly1375

all hyperfine transitions would be exposed to populated1376

harmonics in the beam spectrum. A viable solution is to1377

operate the HJET at the EIC at IP 4 at a significantly1378

higher magnetic field of B0 = 400mT. This field setting1379

ensures a clean separation between transition frequen-1380

cies and harmonic content, providing a buffer of about a1381

factor of three above the depolarization threshold, and is1382

compatible with EIC operation at both injection and flat-1383

top energies, ensuring safe, depolarization-free operation1384

of the HJET.1385

The developed tools enable predictive estimates of de-1386

polarizing conditions and support the selection of hold-1387

ing fields and operating modes for the polarized hydrogen1388

target as an absolute beam polarimeter at the EIC and1389

elsewhere. While the analysis centers on hydrogen, the1390

methodology is directly applicable to deuterium, whose1391

more complex hyperfine structure may lead to different1392

resonance conditions and warrants future investigation.1393

To achieve the stringent 1% relative polarization un-1394

certainty required by the EIC physics program, several1395

additional developments should be pursued: continuous1396

monitoring of the molecular content in the hydrogen jet1397

(rather than infrequent measurements), and implemen-1398

tation of a magnetic guide field system that enables di-1399

rect measurement of all polarization components of beam1400

polarization vector P⃗ . These enhancements, combined1401

with the optimized magnetic holding field identified in1402

this work, will establish a robust foundation for high-1403

precision absolute beam polarimetry at the EIC.1404

ACKNOWLEDGEMENTS1405

The authors acknowledge useful discussions with1406

Christoph Montag, Kolya Nikolaev, and Anatoli Zelen-1407

sky, and thank Andrei Poblaguev for his helpful com-1408

ments.1409

[1] F. Willeke and J. Beebe-Wang, Electron Ion Collider1410

Conceptual Design Report 2021 , Tech. Rep. (Brookhaven1411

National Lab. (BNL), Upton, NY (United States);1412

Thomas Jefferson National Accelerator Facility (TJ-1413

NAF), Newport News, VA (United States), 2021).1414

[2] A. Accardi, J. L. Albacete, M. Anselmino, N. Armesto,1415

E. C. Aschenauer, A. Bacchetta, D. Boer, W. K. Brooks,1416

T. Burton, N.-B. Chang, et al., European Physical Jour-1417

nal A 52, 268 (2016), arXiv:1212.1701.1418

[3] R. Abdul Khalek, A. Accardi, J. Adam, D. Adamiak,1419

W. Akers, M. Albaladejo, A. Al-bataineh, M. Alex-1420

eev, F. Ameli, P. Antonioli, N. Armesto, W. Arm-1421

strong, M. Arratia, J. Arrington, A. Asaturyan, M. Asai,1422

E. Aschenauer, S. Aune, H. Avagyan, C. Ayerbe1423

Gayoso, B. Azmoun, A. Bacchetta, M. Baker, F. Bar-1424

bosa, L. Barion, K. Barish, P. Barry, M. Battaglieri,1425

A. Bazilevsky, N. Behera, F. Benmokhtar, V. Berdnikov,1426

J. Bernauer, V. Bertone, S. Bhattacharya, C. Bissolotti,1427

D. Boer, M. Boglione, M. Bond̀ı, P. Boora, I. Borsa,1428
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provided by the Jülich group and the dissociator design1774

is identical in both systems. As reported in [28], degree1775

of dissociation measurements were carried out with a1776

quadrupole mass spectrometer movable on an xy table1777

that allowed determination of the spatial dependence of1778

the molecular to atomic content in the beam some dis-1779

tance (567mm and 697mm) behind the exit of the last1780

sextupole magnet. The analysis presented here examines1781

the degree of dissociation data obtained, shown in panels1782

(c) and (d) of Fig. 24 of Ref. [28].1783

The degree of dissociation α was measured at mul-1784

tiple positions along the transverse x and y directions1785

perpendicular to the atomic beam 697 mm behind the1786

exit of the last sextupole magnet. Figure 18 shows the1787

results of these measurements along with constant fits1788

to the data. The results demonstrate a flat dependence1789

of α near the beam center, and we confine our analy-1790

sis to data within ±5 mm around the beam center since1791

the atomic beam of the HJET at RHIC has a diame-1792

ter of approximately 10mm [25]. For the x-profile, cen-1793

tered around x = 11.4mm, a fitted constant value of1794

αx = 0.932±0.007 is obtained, and for the y-profile, cen-1795

tered at y = 14.8mm, αy = 0.937±0.010. The combined1796

result, calculated as an inverse-variance weighted average1797

of both spatial profiles, gives1798

α = 0.934± 0.006 . (A1)

The degree of dissociation of the atomic beam is de-1799

fined in terms of the atomic density ρatom and molecular1800

https://doi.org/10.1103/PhysRevC.58.658
https://doi.org/10.1103/PhysRevC.58.658
https://doi.org/10.1103/PhysRevC.58.658
https://doi.org/10.1103/PhysRevC.58.1897
https://doi.org/10.1146/annurev.ns.17.120167.002105
https://doi.org/10.1146/annurev.ns.17.120167.002105
https://doi.org/10.1146/annurev.ns.17.120167.002105
https://doi.org/10.1103/PhysRev.38.2082.2
https://doi.org/10.1038/ncomms15749
https://arxiv.org/abs/1610.06392
https://doi.org/https://doi.org/10.1016/j.nima.2005.09.042
https://doi.org/https://doi.org/10.1016/j.nima.2005.09.042
https://doi.org/https://doi.org/10.1016/j.nima.2005.09.042
https://doi.org/https://doi.org/10.1016/j.nima.2005.09.042
https://doi.org/https://doi.org/10.1016/j.nima.2005.09.042
https://doi.org/10.1088/1742-6596/295/1/012132
https://doi.org/10.1088/1742-6596/295/1/012132
https://doi.org/10.1088/1742-6596/295/1/012132
https://arxiv.org/abs/2504.16034
https://arxiv.org/abs/2504.16034
https://arxiv.org/abs/2504.16034
https://doi.org/10.1088/0034-4885/35/2/305
https://doi.org/10.1088/0034-4885/35/2/305
https://doi.org/10.1088/0034-4885/35/2/305
https://doi.org/10.1063/1.31281
https://doi.org/10.1063/1.31281
https://doi.org/10.1063/1.31281
https://doi.org/10.1016/j.nima.2004.11.020
https://doi.org/10.1016/j.nima.2004.11.020
https://doi.org/10.1016/j.nima.2004.11.020
https://doi.org/10.1016/j.nima.2004.11.020
https://doi.org/10.1016/j.nima.2004.11.020
https://doi.org/10.1016/j.nima.2004.11.020
https://doi.org/10.1016/j.nima.2004.11.020


26

(a) Scan along x

(b) Scan along y

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. Subfigure

(a) shows the x-profile with beam center at
x = 11.4mm and fitted constant αx = 0.932± 0.007.
Subfigure (b) shows the y-profile with beam center at
y = 14.8mm and fitted constant αy = 0.937± 0.010.

density ρmol as1801

α =
ρatom

ρatom + 2ρmol
, (A2)

and this can be rearranged to obtain the molecular-to-1802

atomic density ratio1803

ρmol

ρatom
=

1− α

2α
. (A3)

Using the measured value of α from Eq. (A1), we obtain1804

ρmol

ρatom
= 0.035± 0.003 . (A4)

This result indicates that approximately 3 to 4% of1805

the target density consists of hydrogen molecules, consis-1806

tent with findings from studies on similar atomic beam1807

sources [29, 30]. These unpolarized molecules systemati-1808

cally reduce the target polarization of the HJET.1809

Appendix B: Hyperfine interaction Hamiltonian and1810

nuclear polarizations for ground state hydrogen1811

The complete Hamiltonian for the ground state hydro-1812

gen atom in an external magnetic field B⃗ = Be⃗z, where1813

e⃗z defines the quantization axis, consists of three terms1814

H = AhfsI · J − µJ · B⃗ − µI · B⃗ . (B1)
Here I is the nuclear spin operator (I = 1

2 for hydrogen),1815

J is the total electron angular momentum operator (J =1816

1
2 for the ground state), and Ahfs is the hyperfine coupling1817

constant. For the hydrogen ground state (1s), the orbital1818

angular momentum is zero (l = 0), so the total electron1819

angular momentum equals the electron spin: J = S. The1820

magnetic moment operators are1821

µJ = −gJµBJ and µI = gIµNI , (B2)

so that when we choose the quantization axis along B⃗,1822

the complete Hamiltonian becomes1823

H = AhfsI · J + gJµBJzB + gIµNIzB . (B3)

The hyperfine coupling constant is related to the zero-1824

field hyperfine splitting by Ahfs = 4Ehfs/ℏ2, where Ehfs1825

is given in Eq. (8).1826

We work in the uncoupled basis {|mJ ,mI⟩} where1827

mI ,mJ = ± 1
2 . The four basis states are labeled in de-1828

creasing order of hyperfine energies, as given in Eqs. (5).1829

Since the total angular momentum projection mF =1830

mJ +mI is conserved by the hyperfine interaction, states1831

with the same mF can couple while states with different1832

mF cannot. Therefore, |1⟩ and |3⟩ remain uncoupled,1833

while |2⟩ and |4⟩ (both with mF = 0) form a coupled1834

2×2 system.1835

The dot product I · J = IzJz + 1
2 (I+J− + I−J+)1836

has diagonal matrix elements ⟨mJ ,mI |IzJz|mJ ,mI⟩ =1837

ℏ2mImJ and off-diagonal elements ⟨2|I−J+ + I+J−|4⟩ =1838

⟨4|I−J+ + I+J−|2⟩ = ℏ2. The hyperfine matrix is1839

I · J
ℏ2/4

=

1 0 0 0
0 −1 0 2
0 0 1 0
0 2 0 −1

 (B4)

Using the dimensionless field strength parameter x de-1840

fined in Eq. (6) and defining y = 2gIµNB
Ehfs

, we note that1841

y ≪ x since µN/µB = 1/1836.15 and gI/gJ ≈ 2.8. The1842

complete dimensionless Hamiltonian becomes1843
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H

Ehfs/4
=

1 + 2x+ y 0 0 0
0 −1 + 2x− y 0 2
0 0 1− 2x− y 0
0 2 0 −1− 2x+ y

 (B5)

The eigenvalues can be found by diagonalizing this1844

matrix. States |1⟩ and |3⟩ remain uncoupled with1845

eigenvalues E|1⟩ = Ehfs

4 (1 + 2x + y) and E|3⟩ =1846

Ehfs

4 (1 − 2x − y). States |2⟩ and |4⟩ couple through1847

the hyperfine interaction with eigenvalues E|2⟩,|4⟩ =1848

Ehfs

4

[
y − 1± 2

√
1 + 2xy + x2

]
. For typical magnetic1849

fields where x ≫ y, this reduces to the familiar Breit-1850

Rabi formula E|2⟩,|4⟩ ≈ Ehfs

4

[
−1± 2

√
1 + x2

]
+ Ehfs

4 y.1851

Combining all four eigenvalues and including the nuclear1852

Zeeman correction, we obtain the complete Breit-Rabi1853

energy formula given in Eq. (11) in the main text.1854

The nuclear target polarization of each hyperfine state1855

is determined by the quantum mechanical expectation1856

value of the nuclear spin component along the quantiza-1857

tion axis, expressed via1858

Q|i⟩ =
2

ℏ
⟨ψi|Iz|ψi⟩ . (B6)

To calculate this, we need the explicit eigenvectors.1859

States |1⟩ and |3⟩ remain pure uncoupled states at all1860

field strengths, while states |2⟩ and |4⟩ become mixed1861

states. The corresponding wave functions are1862

|ψ1⟩ = |e↑p↑⟩ ,
|ψ2⟩ = cos θ|e↑p↓⟩+ sin θ|e↓p↑⟩ ,
|ψ3⟩ = |e↓p↓⟩ ,
|ψ4⟩ = cos θ|e↓p↑⟩ − sin θ|e↑p↓⟩ ,

(B7)

where the mixing angle θ satisfies tan(2θ) = 1/x. Using1863

the matrix elements
〈
± 1

2 ,mJ |Iz| ± 1
2 ,mJ

〉
= ±ℏ

2 , the1864

nuclear target polarizations for the different states are1865

obtained, and given in Eq. (12) in the main text.1866

In the weak field limit (x→ 0), states |2⟩ and |4⟩ have1867

zero nuclear polarization, reflecting equal superposition1868

of parallel and antiparallel nuclear-electron spin config-1869

urations. In the strong field limit (x → ∞), all states1870

approach maximum nuclear polarization (±1).1871

Appendix C: Quantum mechanical analysis of1872

hyperfine transitions1873

This appendix presents the quantum mechanical1874

framework for analyzing beam-induced hyperfine tran-1875

sitions in hydrogen atoms using proper Breit-Rabi ma-1876

trix elements and Fermi’s Golden Rule [35, 37]. While1877

a full time-dependent solution of the hyperfine Hamil-1878

tonian would be required to compute exact state popu-1879

lations, the use of Fermi’s Golden Rule is sufficient for1880

identifying resonance conditions and estimating relative1881

transition strengths relevant for depolarization risk as-1882

sessment.1883

For hydrogen hyperfine transitions in a magnetic field,1884

the interaction Hamiltonian with the beam-induced RF1885

field follows from AppendixB, where the electronic cou-1886

pling dominates and we have H1 ≈ −gJµBJ · B⃗1(t). The1887

Breit-Rabi eigenstates at field B0 are given in Eq. (B7),1888

where states |2⟩ and |4⟩ become mixed superpositions of1889

uncoupled spin configurations as derived in AppendixB,1890

and the mixing angle satisfies tan(2θ) = 1/x with the1891

dimensionless field strength parameter x from Eq. (7).1892

The transition matrix elements depend on the orien-1893

tation of the beam-induced RF field B⃗1 relative to the1894

static holding field B⃗0. As detailed in Section III B, there1895

are six allowed single-photon transitions between the four1896

hyperfine states, classified according to the RF field ori-1897

entation and selection rules: π-transitions (B⃗1 ⊥ B⃗0)1898

with ∆F = 0,∆mF = ±1, and σ-transitions (B⃗1 ∥ B⃗0)1899

with ∆F = ±1,∆mF = 0,±1. Two-photon transitions1900

(∆mF = 2) are forbidden for single-photon processes and1901

require much higher field intensities to become signifi-1902

cant.1903

Using Fermi’s Golden Rule, the stimulated transition1904

rate between hyperfine states |i⟩ and |j⟩ is given by1905

Γij(f) =
2π

ℏ
|⟨j|H1|i⟩|2S(f)Vint , (C1)

where S(f) = B1(f)
2/(2µ0) is the spectral power density1906

and the matrix elements depend on the specific transition1907

and magnetic field strength through the Breit-Rabi mix-1908

ing coefficients.1909

The stimulated transition rates between all four hyper-1910

fine states form a complete 4× 4 matrix with elements1911

Γij =
2π

ℏ
S(f)Vint


0 cos2 θ 1

4
1
4

cos2 θ 0 cos2 θ x2

(1+x2)2
1
4 cos2 θ 0 cos2 θ
1
4

x2

(1+x2)2 cos2 θ 0 ,


(C2)

where the rows and columns correspond to states |1⟩,1912

|2⟩, |3⟩, and |4⟩, respectively. The diagonal elements are1913

zero since no state can transition to itself under single-1914

photon processes. The off-diagonal elements represent1915

squared matrix elements for different transition types:1916

cos2 θ for π-transitions (B⃗1 ⊥ B⃗0) involving operators1917

J± = Jx ± iJy; 1/4 for pure σ-transitions (B⃗1 ∥ B⃗0)1918

using Jz; and x2/(1 + x2)2 for the mixed σ-transition1919

|2⟩ ↔ |4⟩. The matrix includes both single-photon and1920

two-photon transition elements; while the 1 → 3 and1921
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3 → 1 transitions are forbidden as single-photon pro-1922

cesses (∆mF = 2), their matrix elements represent two-1923

photon coupling strengths that are negligible under re-1924

alistic photon densities. This matrix demonstrates that1925

all hyperfine states are coupled through field-dependent1926

transition rates, making simple two-level approximations1927

inadequate.1928

The fractional change in nuclear polarization dur-1929

ing the atomic transit time τint is given by ∆Q/Q =1930

Γdepolτint, where Γdepol represents the effective depolar-1931

ization rate from all relevant transitions. This framework1932

enables quantitative assessment of beam-induced depo-1933

larization effects under specific operational conditions.1934


