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Comments on the paper
“Eliminating beam-induced depolarizing effects in the hydrogen jet target for
high-precision proton beam polarimetry at the Electron-Ion Collider [1]”
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Brookhaven National Laboratory, Upton, New York 11973, USA
(Dated: June 24, 2026)

A critical review of the methodology used in F.Rathmann et al.,

Phys. Rev. Accel. Beams

29, 021001 (2026), to evaluate beam-induced depolarization of the Atomic Polarized Hydrogen Gas
Jet (HJET) target at the Electron—Ion Collider (EIC) is presented. It is shown that several key
assumptions underlying that analysis—including the introduction of a photon emission threshold,
the application of Fermi’s Golden Rule to coherent hyperfine transitions, the interpretation of power
broadening as a physical linewidth increase, and the treatment of spatial magnetic fields—are either
incorrect or internally inconsistent. As a consequence, the predicted large depolarization effects are
demonstrated to be artifacts of the adopted methodology rather than genuine physical phenomena.
A consistent quantum-mechanical treatment based on the time-dependent Schrédinger equation
shows that beam-induced depolarization probabilities at the EIC are negligibly small.

For more than two decades, the Atomic Polarized Hy-
drogen Gas Jet Target (HJET) [2, 3] has been success-
fully used in the RHIC Spin Program for absolute cali-
bration of the proton beam polarization. However, oper-
ation of the HJET at the Electron—Ion Collider (EIC) re-
quires additional consideration owing to the significantly
more stringent requirements on systematic uncertainties
in beam polarization measurements, as well as the ap-
proximately threefold increase in the average beam cur-
rent and the nearly order-of-magnitude reduction in both
bunch spacing and bunch length.

An evaluation of possible beam-induced depolariza-
tion [4] of the jet target at the EIC was initiated in
Ref. [1], where it was claimed that the jet target would
be unavoidably depolarized at the EIC if operated at the
120mT holding field used at RHIC.

In the present Comment, we argue that this conclusion
is not supported by a consistent quantum-mechanical
analysis.

Beam-induced depolarization may arise from the time-
dependent magnetic field generated by the bunched pro-
ton beam. Assuming a Gaussian longitudinal bunch den-
sity, the temporal dependence of the induced magnetic
field at a radius r from the beam axis can be approxi-
mated as

Bina(r,t) = Bpi(r) > exp[—(t_zft;b)}, (1)

k=—o00

where for the EIC flattop oy = 0.2ns, 7, = 10.027 ns, and
the peak value of the bunch-induced field By (r) reaches
its maximum B, = 3.03mT at r,, = 1.04 mm [1].

Since Bing is periodic in time, it can be expanded into
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harmonic components:
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1+ Z 2~ (@no0)*/2 cos(wpt)|, (2)
n=1

Bina(r,t) =

BmFB(T)

where w, = 21 fy, fo = Tb_1 = 90.683 MHz, and the ra-
dial dependence Fg(r) = F(r)/F(r,) < 1 is expressed
in terms of F(r) defined in Eq. (45) of [1]. The normal-
ization factor /270, /Tp ensures that the zeroth harmonic
equals the time-averaged value of Binq(r,t). The equiva-
lence of the two representations of Binq(r, t), (1) and (2),
can be readily verified by direct numerical calculation.

The amplitude of the n-th harmonic is therefore

Bin) (r) = BmFB(T‘)e_Qﬂznzgt?ff <0.136 mT. (3)

Since all harmonics are coherent for ¢t = 0,

BO )+ i 2B (r) = B, Fp(r) < B, (4)

It is well known (see, e.g., Ref.[1]) that, in a static
holding field Bpeg, the ground state of the hydro-
gen atom is described by a four-level hyperfine sys-
tem with eigenstates |i) and eigenvalues E; of the time-
independent Hamiltonian Hy(Beld)-

In the presence of a time-dependent perturbation
H,(t), the atomic wave function may be written [5] as

- Y

and the Schrodinger equation leads to

dak ZMkn

‘k 71Ekt/h (5)
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where My, (t) = (k|H1(t)|n) and wgy, = (Ey — Ey)/h.
For a single harmonic w = 27 f, from Eq. (2),

M (t) = hw'F™ cos(wt), W™ = —2u, B Sy, (7)

where p, = —14.012MHz/mT is the electron magnetic
moment.

The wvalues of the spin-dependent factors Sy, in
M, (t) [6, 7] depend on whether the oscillating field is
parallel (o) or perpendicular (7) to Bpela, and on the
mixing angle 6, defined by tan(20) = B./Bpoa, where
B, = 50.7mT [1],

0 sin@ 0 cos 6
x _ |sing 0  cosd 0
Sk = 0 cos§ 0 —sinf |’ (8)
cos@ 0 —sinf 0
1 0 0 0
o 0 cos20 0 —sin26
Skn = 0 0 -1 0 . (9)
0 —sin20 0 —cos26

The physical role of the diagonal terms in SY; is trans-
parent. For a stationary state |i), the wave function
evolves as exp(—iE;t/h). The longitudinal component
of the beam-induced magnetic field modifies the energy
E; and thus alters the phase evolution. At the matrix-
element level, this effect is encoded in the diagonal ele-
ments of S7;, which represent field-induced shifts of the
stationary state energies.

To analyze the behavior of the system in the vicinity
of a resonant transition, consider a two-level subsystem
{ij} initially prepared in state |i), with a;(0) = 1 and
a;(0) = 0. For small detuning, |[Aw| = |w — w;;| < |wi,l,
and for short interaction times ¢t < |Aw|™! (but still
much larger than |2w;;|~1), one finds

aj(t) = ¥t t dt’ (e‘m“’t/ + e_iz““‘jt/) ~ —iw—Rt.
2/, 2
(10)
For longer interaction times, both transitions |i) <> |7)
must be treated consistently, which leads to the well-
known result [8]

Lwr . (Ot
a;(t) = —i Qsm<2) , Q= /wh+Aw?.  (11)

This expression is fully consistent with Eq. (10) in the
limit of short times t < 1/42.
The corresponding transition probability is

2
_ 9 WR . 9 Ot
IL; = |a;(t)]* = g2 Sin (2 ) , (12)

which, for nonzero detuning, may appear as an effective
broadening of the transition line. However, this effect
arises purely from coherent interference and does not cor-

respond to any physical smearing or modification of the
atomic energy levels themselves.

For specified matrix elements and initial conditions
an(0), Eq. (6) can be solved exactly, for example, by nu-
merical integration. In Ref. [7] it was shown that, for EIC
flattop operation and the potentially resonant transitions
{ij} = {13}, {14}, {23}, {24}, (" ()))mine/2 < 1 (sc0
Eq. (10)) due to the exponential suppression (3) of BY])
at high harmonic numbers and the small total resonant
interaction time 7i,t. Consequently, the corresponding
matrix elements can be neglected, M;; — 0, on the right-
hand side of Eq. (6), and the four-level system reduces to
two independent subsystems, {12} and {34}, which con-
siderably simplifies the integration. Including the time
dependence of wgr(t) and the detuning Aw(t) along the
atomic trajectory, it was found that the beam-induced
depolarization at the EIC flattop is negligible, < 1074

The methodology used in Ref. [1] does not account for
the dynamical evolution described by Eq.(6). Instead,
an atom-track-averaged Rabi frequency fr = wgr/2m was
employed.

Although Eq.(2) can be obtained by inverse Fourier
transformation directly from Eq. (19) of Ref. [1], it was
not explicitly used in that analysis. Moreover, the oscil-
lation amplitudes (and hence the Rabi frequencies) were
incorrectly evaluated there.

For example, using Eq.(37) of Ref.[1] and Liy =
30.6 mm, one can readily evaluate the track-averaged os-
cillation amplitude as

(B{") ~0.18 B < 25 T. (13)

However, Fig. 16 of Ref. [1] shows <B£0)> ~ 1500 uT. Fur-
thermore, if the reported 6th harmonic amplitude of
1174 uT were correct, the sum of only the first seven
harmonics, according to Eq. (4), would exceed 15.3mT,
already far larger than the peak field of 3.03mT.

Thus, the Rabi frequency was overestimated by ap-
proximately a factor of 60, and the depolarization prob-
ability by roughly a factor of 3600 when approxima-
tion (10) is applicable.

In Ref. [1], the enhanced occurrence of resonant con-
ditions at the EIC flattop is attributed mainly to two
effects: (i) “power broadening” due to Rabi spin pre-
cession, and (i) the dense spacing of the resonant fre-
quencies (as a function of Bygg) for the {24} transitions,
accompanied by a beam-magnetic-field-induced shift of
the hydrogen energy levels,[9].

According to Ref. [1], the total power-broadened
linewidth O’;Otal ~ 2.38 MHz—inferred from the Rabi fre-
quency corresponding to a 200 uT oscillating field (with
unspecified frequency)—implies that

“additional transitions within 2.38 MHz of
any harmonic frequency could exhibit reso-
nant behavior.”



Even setting aside the interference-based interpreta-
tion (10) of the apparent “broadening,” several indepen-
dent arguments invalidate the assumption that the hy-
perfine linewidths undergo any genuine physical broad-
ening under the conditions considered:

e The assumption of “additional transitions within
2.38 MHz of any harmonic frequency” contradicts the su-
perposition principle. Each harmonic component of the
driving field acts independently, and off-resonant compo-
nents cannot induce resonant transitions.

e The Rabi frequency is not a frequency in the dynami-
cal sense. Rather, it represents a conveniently normalized
amplitude of the oscillating field. Consequently, frabi,
as defined in Eq. (34) of [1], is unrelated to either the
oscillation frequency of the field or the beam bunch fre-
quency. Therefore, for harmonic components not explic-
itly included in the evaluation of frap;, the resonant be-
havior cannot depend on the value of frap; calculated in
this manner.

o If 62" were to describe a genuine broadening of the
hyperfine energy levels, all atomic states would decay to
the lowest-energy state F' = 0 on a time scale of order
1/o?™", even in the absence of the proton beam (but
in the presence of a 200 uT monochromatic oscillating
magnetic field of arbitrary frequency). Such behavior is
clearly unphysical and contradicts experimental observa-
tions.

It was claimed in Ref. [1]:

“A key innovation introduced in this study is
the formulation of beam-induced depolariza-
tion in terms of a photon emission threshold:
a cutoff frequency feut, above which the like-
lihood of resonant transitions is significantly
reduced due to the steep falloff in spectral
power.”

The photon emission rate N, avotal was defined follow-
ing Egs. (27)-(29) and (37)- (39) of [1], and the depolar-
ization threshold f..+ was introduced in relation to the
instantaneous number of hydrogen atoms Natoms in the
interaction region.

Although the total photon rate as a function of f
is mainly proportional to the depolarization probability
TI(f), it cannot be used as a proxy for II( f) because it is
not properly calibrated. Specifically:

e No properties of the hydrogen hyperfine states were
included in the calculation of the photon emission rate

avg
N'y total®

e The proportionality between N era and the depo-
larization probability depends exphc1tly on the choice of
Lint, which renders the calibration of the photon emis-
sion rate ambiguous and unreliable.
e For any given hydrogen atom in the jet, the depo-
larization probability cannot depend on the jet radius
Tat. beam (€€ Eq. (29) of [1]).

Moreover, for a low-density hydrogen gas jet, the de-
polarization probability of an individual atom cannot de-
pend on the total number of hydrogen atoms in the jet.

Therefore, if N total is interpreted as a measure of the
depolarlzatlon probablhty, the cutoff frequency fe..; effec-
tively becomes an arbitrarily chosen parameter. Conse-
quently, the distributions of N terar(t) shown in Figs. 11
and 16 of Ref. [1] cannot be used for a quantitative evalu-
ation of beam-induced depolarization. In particular, the
harmonic cutoff ne,; = 55.8 derived in Fig. 16 does not
possess predictive power, and conclusions based on this
value cannot be regarded as reliable.

Nevertheless, N ) i may still be used for approxi-
mate comparisons of depolarization levels in different ex-
periments. However, the same comparison can be ob-
tained in a simpler and more transparent manner us-
ing Eq. (2). For example, using the RHIC-related value

RIHIC — 551.4 MHz (independent of its physical inter-
pretation), one readily finds the corresponding value for

the EIC flattop,

EIC UtR HIC RHIC
ot = UZEIC -t~ = 5059.1 MHz. (14)

This result can be compared with the value 5061.1 MHz
reported in Table III of [1].

Another claim in Ref. [1] states:

“To validate this photon emission framework,
a rigorous quantum mechanical analysis us-
ing proper Breit—Rabi matrix elements and
stimulated transition rates was performed.”

To support this statement, Fermi’s Golden Rule was
applied in Appendix C to evaluate the beam-induced
transition probabilities. However, several questions arise
regarding the validity of the equations used in Ref. [1]:
e Equation (C2) contains an additional factor Vi, de-
scribed as “the effective interaction volume swept out by
the atomic beam.” Since Eq. (C2) does not include any
dependence on the hydrogen atom density distribution,
the factor Vi, should not appear in this expression. In
particular, the standard form of Fermi’s Golden Rule [10]
contains no factor associated with an interaction volume.
e The dependence of the transition probability on the
beam-induced magnetic photon density is already fully
incorporated into the perturbative Hamiltonian Hj(t).
Therefore, the additional factor S(f) should be omitted
from Eq. (C2).

e The explicit time dependence of the perturbation,
Hi(t) = hwg cos(2m ft),

was omitted in the transition from Eq. (C2) to Egs. (C3)

and (C4).

e As a consequence, the resonance dependence of the

transition rates I';;(f)—analogous to that in Eq. (12)—

is lost.

In the particular case where the oscillating magnetic
field is restricted to the direction parallel to the static
holding field, only the {24} transition is allowed. In



this situation, the four-level system reduces to an ef-
fective two-level subsystem {24} governed by the well-
known Rabi formula (12), in which the transition prob-
ability is an oscillatory function of time. This example
clearly demonstrates that the probabilities presented in
Appendix C of Ref. [1] cannot adequately describe hy-
perfine transitions in hydrogen induced by an external
oscillating magnetic field.

Thus, Fermi’s Golden Rule, as applied in Ref. [1], is
not applicable to beam-induced depolarization effects in
the hydrogen jet target, and the conclusions presented in
Appendix C should therefore be disregarded.

The conclusion of Ref. [1] that jet target depolariza-
tion is unavoidable in EIC measurements with Hyggq ~
120 mT is, in fact, supported by only a single quantitative
estimate. In the example discussed in Sec. VI.D, the {24}
transition (with frequency foy = 3627 MHz) was evalu-
ated using a “spatial field distribution with an effective
rf field amplitude of about B; = 2.0mT.” Within this
approximation, the Rabi frequency is Q = 6.9 x 107 rad/s
(as calculated in Ref. [1]), leading to the conclusion that
the affected atoms undergo significant depolarization.

However, independently of the interpretation of the
claimed “broadening,” a stimulated resonance transition
{24} requires an external magnetic photon frequency
f = fa4. The density of such photons decreases expo-
nentially with frequency, as shown in Eq. (3). Therefore,
the appropriate estimate of the Rabi frequency is

2| e :
wgﬁl) S ‘/h'l’ |m0tbem exp(—27r2f2240't2) Sin 20
~ 290rad/s, (15)

which results in a negligible transition probability,

Iy < 1.9 x 1078, (16)

If the spatial magnetic field is nevertheless used to eval-
uate the {24} transition probability, its oscillation fre-
quency f, must be explicitly taken into account. This
introduces a large detuning Aw = 27 (fo4 — fp), which,
according to Eq. (11), leads to strong suppression of the
transition probability and, consequently, to negligible de-
polarization.

To highlight several other methodological issues in
Ref. [1], we reconsider the {24} transition example,
strictly following the procedure suggested in Ref. [1].

Using Eq. (34) of Ref. [1] and the numerical values
provided for B; = 2mT and sin26 = 0.392, we obtain
wp = 1.38 x 10%rad/s. It is worth noting that w3 is a
factor of two larger than the corresponding €2 reported
in Ref. [1]. Consequently, using 7in = 0.94 s,

S

P
1L = sin? (“R271“t> = 72%. (17)

However, even a small variation in the atomic veloc-
ity (1807m/s) and, consequently, in 7i,: leads to drastic
changes in the calculated transition probability:

= H24 = O%, (18)

Tint ~ 0.955 s

Tint ~ 0.932 us
This extreme sensitivity is explained by the large value
W Tint /2 & 65 > .

For a correct interpretation of such estimates, the tran-
sition probability should be written as

54 = sin? (w;pﬂnt> = 1 — cOs(Wp Tint) . (20)

2 2

When wj}?ﬁnt > m, unavoidable atom-to-atom variations
of wjy and Tin lead to an average transition probability
5 = 0.5, corresponding to complete depolarization of
the considered atom.

Within the framework employed in Ref. [1], the only
means of suppressing the {24} resonance transition is to
increase the holding field Byglq, thereby reducing sin 26.
Consequently, achieving a depolarization level below 1%
(WP Ting/2 ~ 0.1) for the {24} transition requires

% . 01 \ '

Bp% =~ Be <sm 20 w;pﬁnt/2> ~ 84T, (21)
which is far beyond practical limits and would effectively
preclude the use of an HJET at the EIC.

It may also be noted that, if one applies exactly the
same reasoning used to infer large depolarization due to
the {24} transition at the EIC to the RHIC case, one
would be forced to conclude that unavoidable depolar-
ization of the HJET target should also occur at RHIC
(regardless of the exact value of Bpog ~ 120mT). How-
ever, no such effect has been observed during many years
of HJET operation.

To summarize, the depolarization analysis presented in
Ref. [1] relies on incorrect assumptions and misinterpre-
tations of several relevant physical effects. As a result,
it leads to misleading predictions for beam-induced tran-
sition probabilities in the hydrogen gas-jet target at the
EIC.

Importantly, when the correct harmonic ampli-
tudes (3)—which are in exact agreement with Eq. (19) of
[1]—are used, the formalism of Ref. [1] itself leads to the
conclusion that the jet target depolarization at the EIC
is negligibly small.
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