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Abstract

The proposed CEBAF energy upgrade incorporates Fixed-
Field Alternating-gradient (FFA) arcs utilizing permanent
magnets. Validating their long-term stability in the tunnel’s
radiation environment is critical for technical feasibility. We
present an overview of Jefferson Lab’s permanent magnet
radiation resiliency program, reviewing the in-situ demag-
netization monitoring methodology and initial operational
results. We also discuss upgrades for the ongoing second
exposure campaign, which target refined dose correlations
and reduced systematic uncertainties. Finally, we outline
the roadmap for certifying permanent magnet optics for the
upgrade energies.

INTRODUCTION

The FFA@CEBAF energy upgrade study proposes in-
creasing the beam energy beyond 20 GeV by replacing con-
ventional electromagnetic arcs with permanent-magnet FFA
arcs [1]. Understanding the long-term radiation stability
of these magnets in the CEBAF tunnel is critical for the
project’s technical feasibility. Radiation-induced demagneti-
zation is a well-studied phenomenon in accelerator contexts,
particularly for undulator magnets at light sources [2]. The
established damage hierarchy ranks protons as most dam-
aging, followed by neutrons, electrons, and gammas [3,4].
However, prior studies typically relied on small sample sets
(N < 12), doses far exceeding the CEBAF environment,
or single material families. This LDRD project addresses
all three limitations by deploying 60 sample plates carry-
ing 540 individual magnets (spanning two NdFeB and two
SmCo grades) in the operational tunnel for 12 months. An
additional 57 plates serve as unexposed laboratory controls.
Co-locating radiation-sensitive NdFeB with radiation-hard
SmCo on each plate enables a gain-immune intra-plate dif-
ferential measurement that cancels instrumental drift and
isolates radiation-induced changes. This paper reports pre-
liminary results from the first data-taking campaign and
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preparations for the second. Prior publications [5-7] de-
tail the experimental design, dosimetry, simulations, and
measurement apparatus.

EXPERIMENTAL OVERVIEW
Sample Design

Thirty Y-plates, each carrying four randomized permanent
magnet samples (two NdFeB grades: N42EH and N52SH;
two SmCo grades: SmCo33H and SmCo35), were deployed
at eight tunnel regions (four recirculating arcs, two linacs,
and two labyrinths) for approximately 12 months. Nine
identical Y-plates remained in the laboratory as unexposed
controls. The randomized co-location of all four materials
on each plate is central to the analysis: the intra-plate differ-
ential between the radiation-sensitive NdFeB and radiation-
hard SmCo cancels the dominant Helmholtz coil gain drift
(+0.124 %) by construction, enabling sub-percent detection
sensitivity.

Additionally, pair assemblies (H-plates) with controlled
magnetic configurations (aligned, antiparallel, and perpen-
dicular) approximate different field orientations within a
Halbach array [8, 9], providing data relevant to multifunc-
tion FFA magnet design.

Measurement and Dosimetry

Magnetic moments are measured with a precision
Helmbholtz coil system [10] and point fields with a Senis
3MHG6 Teslameter [11], both mounted on mobile carts for
in-situ tunnel access during accelerator downtime [12, 13].
Each plate is tracked with co-located dosimetry: optically
stimulated luminescence (OSL) area monitors for photon
and neutron dose, and FWT-70 optichromic rods for high-
dose gamma fields [5]. Gamma doses span five orders of
magnitude, from 0.3 Gy (labyrinths) to 23,000 Gy (linac
positions).

FIRST CAMPAIGN RESULTS

Headline Result

Table 1 and Fig. 1 show the per-material results. Both Nd-
FeB grades exhibit negative shifts (demagnetization), while
both SmCo grades are consistent with zero, as the thermal
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Figure 1: Mean percentage change in magnetic moment
for each material grade (30 tunnel Y-plates, temperature-
corrected to 20°C). Error bars: +1 SEM. The rightmost bar
is the gain-immune intra-plate NdFeB—SmCo differential
(7.60). The gold band indicates the +0.12% Helmbholtz coil
gain systematic, which cancels in the differential.

spike model predicts for SmCo’s higher Curie temperature
(700-850°C vs. 310-350°C) and anisotropy field.

The NdFeB-minus-SmCo intra-plate differential across
30 tunnel Y-plates is

5 = —0.208% + 0.028% (stat) + 0.036% (syst), (1)

corresponding to 7.6¢ statistical and 4.6¢0 combined signifi-
cance. The nine lab control plates yield a null differential
of —0.007% + 0.038% (0.20), confirming that the measure-
ment system introduces no material-dependent bias. The
tunnel-minus-lab excess is independently significant at 4.3¢.

Table 1: Per-Material Mean Change (Tunnel Y-Plates,
N = 30)

Grade Family Mean A (%)  Stat. Sig.
N42EH NdFeB -~ -0.252 + 0.036 7.00
N52SH NdFeB -0.170 + 0.036 4.80
SmCo33H SmCo  +0.037 + 0.031 120
SmCo35 SmCo -0.044 + 0.031 140

Dose Correlations

Correlating the gain-immune differential with co-located
dosimetry reveals a clear hierarchy (Fig. 2). Gamma dose
(spanning 0.3-23,000 Gy) shows no correlation with degra-
dation (Spearman p = 0.21, p = 0.27). In contrast, neutron
dose correlates significantly (p = 0.39, p = 0.03 for the
differential; p = 0.46, p = 0.01 for NdFeB alone). This
is the first in-situ accelerator confirmation of the neutron-
dominated damage hierarchy established in deliberate irra-
diation studies [2,4].

The gamma null is itself a positive finding: at doses up
to 23 kGy, purely ionizing radiation produces no detectable
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Figure 2: Gain-immune NdFeB—-SmCo differential vs. (a)
gamma dose and (b) neutron dose for all 30 tunnel plates.
Gamma dose shows no significant correlation; neutron dose
correlates significantly (p = 0.03), confirming the neutron-
dominated damage hierarchy. Dashed line: fleet mean
(-0.21%).

demagnetization, consistent with the 7 MGy gamma null
reported by Alderman et al. [14]. This constrains the dam-
age mechanism to hadronic interactions, principally nuclear
displacement cascades and neutron capture.

Grade Dependence

An unexpected observation is that N42EH degrades more
than N52SH, despite N42EH’s higher intrinsic coercivity
(H.; = 30 kOe vs. 219 kOe). Composition data from
the manufacturer reveals that the two NdFeB grades differ
in their heavy rare-earth content, particularly dysprosium,
which has a very large thermal neutron capture cross-section.
We are investigating whether Dy-bearing nuclear reactions
in the grain-boundary phase contribute to the observed in-
version; a detailed quantitative analysis will be presented in
a forthcoming publication.

SmCo shows zero degradation despite containing samar-
ium, which also has a large neutron capture cross-section.
This indicates that neutron capture alone is insufficient to
cause demagnetization; the host lattice must also be intrinsi-
cally vulnerable to the resulting energy deposition. SmCo’s
immunity is consistent with its much higher Curie tempera-
ture and magnetocrystalline anisotropy.

IMPLICATIONS FOR FFA MAGNETS

Although the mean NdFeB degradation is 0.21%, Fig. 3
shows that individual samples span a wide range, with peak
degradation reaching 0.82%. For Halbach array design, the
relevant metric is not the fleet average but the worst-case
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Figure 3: Sample-by-sample NdFeB degradation sorted by magnitude, grouped by tunnel region. The mean is 0.21%, but
peak degradation reaches 0.82%. The gray band indicates the +0.12% gain systematic.

wedge-to-wedge gradient across a single magnet assembly.
Adjacent wedges carry reverse flux and are not equivalently
exposed to the radiation field; non-uniform degradation in-
troduces higher-order multipole errors (sextupole, octupole)
that the per-sample average understates [9]. For multifunc-
tion FFA magnets, even small differential degradation be-
tween multipole components impacts the optics. With more
than 70 cells per FFA arc, systematic patterns are magnified
through the lattice.

Our H-plate configurations (aligned, antiparallel, perpen-
dicular) were designed to probe orientation-dependent ef-
fects relevant to Halbach wedge geometry. Current data
cannot resolve configuration-dependent differences due to
baseline limitations, but this remains a priority for the second
campaign.

SECOND CAMPAIGN AND OUTLOOK

The first campaign established that radiation-induced de-
magnetization occurs at CEBAF dose levels and is neutron-
correlated. The second campaign, now underway, targets
three goals:

1. Reduce systematic uncertainties. Multi-point base-
lines, improved temperature tracking, and a prospec-
tive blind analysis protocol address the dominant
temperature-correction systematic (+0.033%).

2. Establish a dose-response curve. Integration of fa-
cility neutron detector (NDX) data [15] with per-plate
dosimetry aims to produce a monotonic degradation-
vs.-fluence relationship.

3. Confirm cumulative damage. If the differential deep-
ens after the second exposure period, this provides

definitive evidence of progressive, dose-dependent
degradation.

In parallel, BDSIM simulations [16, 17] of the CEBAF
beamline are progressing toward predicting the neutron flu-
ence and energy spectrum at each plate location, enabling
first-principles comparison with the measured degradation.
Once validated against the current CEBAF lattice, these
simulations will be extended to the upgrade energies.

CONCLUSION

This study represents the world’s largest investigation
of radiation-induced permanent magnet demagnetization,
with 540 individual magnets deployed in the CEBAF tun-
nel, exceeding prior published sample sizes by an order of
magnitude. The first campaign has produced a statistically
significant detection of sub-percent demagnetization in a
real accelerator environment, identified neutron fluence as
the correlating dose quantity, and revealed an unexpected
dependence on NdFeB grade that appears linked to heavy
rare-earth composition. These results inform FFA magnet
material selection and siting at CEBAF. The second cam-
paign is underway with improved protocols targeting reduced
systematics and a dose-response curve.
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