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A review of works was conducted in which the interaction of electrons, neutrons and gamma quanta from the
material of permanent magnets used in electron accelerators was studied. The main conclusions of the review

indicate that in order to establish the mechanisms of demagnetization of alloys, it is necessary to carry out detailed
studies of changes in the structure of materials after irradiation.

PACS: 85.70.Sq; 75.50.Ww

INTRODUCTION

One of the main ideas in the creation and implemen-
tation of modern accelerator projects is energy saving.
This can be achieved using the latest technologies in the
field of superconducting accelerating structures (SRF)
and permanent magnets based on rare earth alloys. The
advantages of superconducting structures are signifi-
cantly reduced energy losses in the process of particle
acceleration, as well as substantial energy return of the
accelerated beam to replenish the energy that feeds the
accelerating structures (Energy Recovery Mode (ERL)
technology [1]. Dipole magnets and quadrupoles based
on permanent magnets, which are the basis of the mag-
netic structure of all accelerators, do not require power
sources and will be the basis of energy saving both in
large colliders [2-6] and small technological accelera-
tors [7, 8]. A vivid example of the implementation of all
these ideas is the accelerator complex in Cornell, where
the CBETA installation [9-13] was built and launched.
It is a prototype for the world's first multi-turn ERL
accelerator using superconducting accelerator struc-
tures. The magnetic system of this installation is mainly
built on dipoles and quadrupoles made on the basis of
permanent magnets, and the HF the system is estab-
lished on superconducting accelerating structures.

The importance of the CBETA project lies in the
fact that it implements several concepts of energy sav-
ing in the design of accelerators. These energy saving
concepts are already becoming a standard in the devel-
opment of projects of large accelerator complexes
[14, 15].

The goal of the CBETA project was to test new
technologies that could be used for the future Electron-
lon Collider EIC [16], the next major US particle accel-
erator to be built at BNL in ten years. The ERL Linac
technology will be used in the project to cool a beam of
protons and heavy ions.

In addition to the options mentioned above, perma-
nent magnets are widely used to generate radiation in
free-electron lasers and undulators, which are the basis
for obtaining hard radiation in synchrotron radiation
sources.

Thus, the creation of future accelerator projects
aimed at studying the change in the characteristics of
magnetic materials under the influence of both the parti-
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cles accelerated in the accelerator and the secondary
radiation that occurs when the accelerator beam inter-
acts with the materials are of high importance. For an
electronic accelerator, these are primarily electrons,
gamma quanta and neutrons.

INTERACTION OF BEAMS WITH
PERMANENT MAGNETS

A lot of works are devoted to the study of the inter-
action of beams of different particles (references to the-
se works can be found in a number of reviews [17-24].

The results of the interaction of electron beams with
an energy of 6 GeV in the PETRA 11l synchrotron radia-
tion source with permanent magnets in undulators are
presented in works [25, 26]. It was established that over
time the magnetic field in the undulators decreases,
which leads to a change in the radiation spectrum and
the trajectory of the beam. The results of field reduction
along the length of various undulators in the installation
are presented in Fig. 1.
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Fig. 1. Reduction of the magnetic field of undulators
PETRA 111 rings [26]

It was also shown that the reduction of the magnetic
flux is directly related to the radiation dose, which is
directly proportional to the operation time of the instal-
lation. This indicates that the primary basis of changes
is the scattered electron beam. Fig. 2 shows the field
changes in one of the undulators with time after installa-
tion in the installation.

The works [25, 26] do not establish the mechanism
of degradation of magnetic material characteristics and
contain only a recommendation to improve beam dy-
namics, which can reduce beam losses on devices.
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Fig. 2. Degradation of undulator magnets over time
[26]

In works [19, 27, 28], on the basis of experimental
studies of the interaction of an electron beam with an
energy of 2 GeV with different configurations of the
magnetic system of undulators made of different mag-
netic materials, a method was found to reduce the effect
of the degradation of the magnetic field of the material
on the magnitude of the undulator field. Fig. 3 shows
the dependence of the degree of demagnetization of the
undulator system on the number of electrons falling on
it [19] for three magnetic configurations.
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Fig. 3. Dependence of the amount of demagnetization
on the number of incident electrons [19]

This dependence was associated with the features of
the magnetic circuit in the structure of the undulator.

The influence of the composition of secondary radia-
tion on the demagnetization of magnet materials was
demonstrated by placing copper and tantalum blocks in
front of the prototype of the magnetic undulator system
[27, 28] (Fig. 4). The spectrum and intensity of brems-
strahlung radiation and neutrons depends on the charge
of the atomic nucleus of the target, and therefore the
amount of demagnetization was greatest when using a
tantalum block.

Although there are numerous publications regarding
the change in the magnetic field of undulators on vari-
ous installations beside the last one cited [27, 28], it is
impossible to obtain information about the mechanisms
of magnetization change under the influence of electron
beam irradiation from them.

Some data can be obtained from the analysis of
works studying the interaction of certain types of sec-
ondary particles that appear as a result of the interaction
of electrons with magnet materials.

Thus, special attention should be paid to the results
obtained during the interaction of electrons with the
basic Sm-Co and Nd-Fe-B alloys at significantly lower

electron energies. The works [29-35] used electron
beams with energies of 83, 17, 10, and 23 MeV, and
also studied the effects of the interaction of the brems-
strahlung radiation of these beams with alloys.
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Fig. 4. Dependence of the amount of demagnetization
on the number of incident electrons and the material of
the target [27, 28]

The main results of the research are follows: the
magnetic field of Sm-Co samples at significant doses of
irradiation with direct electron beams practically does
not change, but Nd-Fe-B samples show significantly
decrease the magnitude of the magnetic field.

Irradiation of samples with a stream of gamma quan-
ta from a Cobalt-60 source and bremsstrahlung radiation
of an electron beam practically does not change the dis-
tribution of the magnetic field of the samples.

Nd-Fe-B samples restore the magnitude of the field
they had before irradiation after re-magnetization.

It should be noted that one of the important physical
parameters, which is significantly different in these al-
loys, is a much higher Curie temperature for alloys of
the Sm-Co system.

In experiments at low electron energies, there is
largely no contribution to the field change effect by
photoneutrons, which are generated in small quantities
at these energies.

The main results of the influence of neutrons on the
magnetic characteristics of Nd-Fe-B and Sm-Co alloys
are presented in works [36-38].

For Nd-Fe-B alloys and the fluence of fast neutron
radiation at the level of 2:10" n/cm? and thermal neu-
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tron irradiation up to a full fluence of 2.94-10* n/cm?,
no difference in magnetization was recorded in the irra-
diated magnet samples of more than 0.5%.

The magnetic properties of the Sm-Co samples were
not affected by irradiation up to a fluence of 10'® n/cm?.

The decrease of magnetic flux in irradiated Nd-Fe-B
samples at a dose of 10" n/cm? was revealed after re-
peated magnetization and repeated measurements. Mag-
netic recovery was found to be 100% for samples irradi-
ated up to 10*® n/cm?, indicating that irradiation did not
cause changes in the microstructure of the material.

The recovery rates were 97.5 and 95% for samples
irradiated with a flux of 10" and 10 n/cm?, indicating
some damage of the microstructure of Nd-Fe-B magnets
might occurred.

Magnetic recovery after remagnetization suggests
that radiation damage is mostly due to a thermal effect
rather than an irreversible change in the microstructure.

It can be considered that some confirmation of such
conclusions is provided by the results of work [39],
where the dependence of demagnetization on the neu-
tron flux dose in Nd-Fe-B alloys was measured at tem-
peratures of 426 and 350 K. The initial loss of residual
magnetization occurs almost twice as fast for irradiation
at 426 than at 350 K.

Hence, the contribution of neutrons to the field
change during the interaction of electrons with perma-
nent magnets is very small.

It should be noted that it is very difficult to general-
ize when analyzing the publications of the original
works, for example, works [40-43] that summarize the
results of studies over the demagnetization of alloys
under the influence of various particles. This is caused
by the fact that all these works were carried out in dif-
ferent conditions, with different materials, and the goals
of the works were also different. Therefore, even in
general works, it is difficult to come to unequivocal
conclusions regarding the mechanism of change in the
magnetization of materials under the influence of radia-
tion.

Kahkonen et al. [44] proposed a theoretical model
that describes the influence of a high-energy particle
inside a magnetic material (Nd-Fe-B). Part of the energy
of the incoming particle is transferred to the atom and
its energy is used in the crystal lattice to increase the
temperature. If this temperature exceeds the Curie tem-
perature, the demagnetizing force will create a reverse
domain that immediately grows to the size of the grain.

Bizen et al. [45] summarizes some previous models.
Authors propose two mechanisms of radiation damage
to permanent magnets. The first: “broad unstable re-
gion” (Fig. 5) is the release of energy in a wide region
caused by low energy particles (gamma rays, electrons
and neutrons). Reverse domains nucleate at grain
boundaries. This is similar to heat-induced demagneti-
zation and can be mitigated using the same techniques.

The second mechanism: the “quasi-thermal spike”
(Fig. 6), is a localized release of energy caused by a
high-energy photoneutron produced by a high-energy
electron.
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In the proposed hypothesis, the authors assumed that
the thermal surge would lead to a molten core with a
radius of several nanometers above the Curie tempera-
ture, where the magnetization is completely lost (but the
lattice structure is preserved) and the nucleation of the
region of low coercivity occurs and the region of the
main phase, which is not changed by the thermal surge,
is preserved.

A possible mechanism of magnetization loss might
be because of overheating of a small area along the elec-
tron trajectory due to electrons that are formed during
ionization processes in magnet materials. This is con-
firmed by experiments at low electron beam energies
[31-35].

lonization losses depend little on the atomic compo-
sition of the substance, and the Curie temperature of
Nd-Fe-B and Sm-Co alloys is very different.

For Nd-Fe-B alloys, the maximum working tempera-
tures are in the range of 80...200 °C, and the Curie tem-
perature is — 310...390 °C. For Sm-Co alloys, the max-
imum working temperatures are 250...550 degrees, and
the Curie temperature is in the range of 750...850 °C.
Therefore, overheating along the track in Nd-Fe-B al-
loys will be closer to the Curie point than for Sm-Co
alloys, and these alloys will undergo stronger demagnet-
ization.
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CONCLUSIONS

It is obvious that different parameters of primary and
secondary particles can contribute to the change in the
magnetization of permanent magnets during electron
irradiation in the interval from 8 GeV to 10 MeV in
different parts of this interval. In order to establish the
mechanisms of such influence, it is necessary to carry
out detailed studies of changes in the structure of mate-
rials after irradiation. There are no such studies in pub-
lished works.

REFERENCES

1. Jorgen D’Hondt, Energy Recovery & Future
Colliders, Develop ep/eA colliders with a reduced ener-
gy footprint // PERLE/LHeC/FCC-eh Workshop,
IJCLab (Paris, Orsay), 26-28 October 2022.

2. C. Benabderrahmane. Review of Permanent
Magnet Technology for Accelerators // 8th International
Particle Accelerator Conference, Copenhagen, Den-
mark, 2017, May, p. 14-19.

3. F. Bodker, Permanent magnets in accelerators
can save energy, space and cost // Proc. of IPAC2013,
Shanghai, China, p. 3511-3513.

4. A. Bainbridge, et al. The ZEPTO project: Tunea-
ble perma-nent magnets for the next generation of high
energy accelerators // Proc. 25th International Confer-
ence on Magnet Technology, Amsterdam, 30th August
2017, TalklD#448, session Wed-Mo-Or19.

5. V.A. Bovda, et al. Quadrupole lenses with per-
manent magnets // Problems of Atomic Science and
Technology. Series “Nuclear Physics Investigations”.
2022, N 5(141), p. 60-67;
https://doi.org/10.46813/2022-141-060

6. B.J.A. Shepherd. Permanent magnets for accel-
erators // 11th Int. Particle Acc. Conf. IPAC2020, Caen,
France, p. 6-10.

7. J. David, et al. Permanent-magnet energy spec-
trometer for electron beams from radiotherapy accelera-
tors // Medical Physics. 2015, v. 42, p. 5517.

8. V.A. Bovda et al. Two dipole magnetic systems
for technological electron accelerator // Problems of
Atomic Science and Technology. Series “Nuclear Phys-
ics Investigations”. 2019. N 6(124), p. 9-12.

9. Project Manager: Scott Larsen, CBETA
PROJECT REPORT: A Review of the Project and Mile-
stones, NYSERDA contract 102192, March 2020,
105 p.

10. Georg Hoffstaetter. Facility Report CBETA //
International Workshop on Energy Recovery Linacs
(ERL 22), Monday, 03 October, 2022 — Thursday
06 October 2022, Cornell University.

11. A. Bartnik, et al. CBETA: First Multipass Su-
perconducting Linear Accelerator with Energy Recov-
ery // Phys. Rev. Letters. 2020, v. 125, p. 044803.

12. Rob Michnoff. CBETA System Overview with
focus on Instrumentation Systems Cornell-BNL ERL
Test Accelerator Project funded by NYSERDA // ERL
2022 Workshop, October 4, 2022.

13. J.S. Berg et al. CBETA FFAG Beam Optics De-
sign // 59th ICFA Advanced Beam Dynamics Workshop
on Energy Recovery Linacs ERL2017, Geneva, Switzer-
land JACoW PublishinglSBN: 978-3-95450-190-8;
d0i:10.18429/JACoW-ERL2017-TUIDCCO004

14. Deepa Angal-Kalinin et al. The Development of
Energy Recovery Linacs, A Contribution to the Europe-
an Strategy for Particle Physics: LDG-XXX-YYY
DRAFT 0.1 December 10, 2021.

15. Dejan Trbojevic et al. FFA arcs configured with
permanent magnets, // LHeC/FCCeh and PERLE Work-
shop Oct. 26-28, 2022.

16. Bernd Surrow. Electron-lon Collider (EIC),
Physics and Project Overview // Workshop on Physics,
Detector and Accelerator Opportunities at the EIC
Online. Philadelphia, PA, July 27, 2020.

17. Wiggler Radiation Damage References (from
Roger Carr and Andy Ringwall);
http://www-project.slac.stanford.edu/lc/local/ notes/dr/
Wiggler/wiggler_rad.html

18. J.T. Volk. Summary of Radiation Damage Stud-
ies on Rare Earth Permanent Magnets. U.S. Department
of Energy under contract No. DE-AC02-76CH03000.

19. Teruhiko Bizen, Ryota Kinjo and Takashi
Tanaka. Enhancing the Radiation Resistance of Undula-
tor Permanent Magnets by Tilting the Easy Axis of
Magnetization // Physical Review Letters. 2018, v. 121,
p. 124801;

DOI: 10.1103/PhysRevLett.121.124801

20. Adib J. Samin, A review of radiation-induced
demagnetization of permanent magnets // Journal of
Nuclear Materials. 2018;
doi: 10.1016/j.jnucmat.2018.02.029

21. Cheryl L. Bowman. Design Issues for Using
Magnetic Materials in Radiation Environments at Ele-
vated Temperature // Proceedings of Nuclear and
Emerging Technologies for Space, 2013, Albuquerque,
NM, February 25-28, 2013.

22. Ben Shepherd, Radiation Damage to Permanent
Magnet Materials: A Survey of Experimental Results //
CERN-ACC-2018-0029, 29/05/2018.

23. T. Bizen, Brief review of the approaches to elu-
cidate the mechanism of the radiation-induced demag-
netization // Proceedings of ERL2011, Tsukuba, Ja-
pan,16-21 October, WG5005.

24. James Spencer, James Volk, Permanent mag-
nets for radiation damage studies // Proceedings of the
2003 Particle Accelerator Conference, p. 2180-2182.

25. P. Vagin et al. Radiation damage of undulators
at PETRA 1l // Proceedings of IPAC2014, Dresden,
Germany, WEPROO035, p. 2019-2021.

26. P. Vagin et al. Commissioning Experience with
Undulators at PETRA 111: 11th International Conference
on Synchrotron Radiation Instrumentation (SRI 2012),
IOP Publishing // Journal of Physics: Conference Series
2013, v. 425, p. 032013;
d0i:10.1088/1742-6596/425/3/032013.

27. T. Bizen et al. Demagnetization of undulator
magnets irradiated high energy electrons // Nuclear In-
struments and Methods in Physics Research A. 2001,
v. 467-468, p. 185-189;
https://doi.org/10.1016/S0168-9002(01)00270-4

28. T. Bizen et al. Demagnetization of undulator
magnets irradiated by high energy electrons
JASRI/SPring-8 Insertion device group;
https://www.esrf.fr/files/live/sites/www/files/events/con
ferences/2002/ARW/proceedings/WEDAM/bizen.pdf

48 ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne3(151)


https://doi.org/10.46813/2022-141-060

29. S. Okuda, K. Ohashi, N. Kobayashi, Effects of
electron-beam and y-ray irradiation on the magnetic
flux of Nd-Fe-B and Sm-Co permanent magnets // Nu-
clear Instruments and Methods in Physics Research, B.
1994, v. 94, p.227-230.

30. Henry B. Luna, et al. Bremsstrahlung radiation
effects in rare earth permanent magnets // Nuclear In-
struments and Methods in Physics Research. 1989,
v. A285 p. 349-354.

31. V.A. Bovda et al. Radiation induced demagneti-
zation of permanent magnets under 10 MeV electron
beam // Problems of Atomic Science and Technology.
Series “Nuclear Physics Investigations”. 2016, N 6,
p. 13-16.

32. V.A. Bovda et al. Nd-Fe-B magnets under elec-
tron irradiation with the energy of 23 MeV // Problems
of Atomic Science and Technology. Series “Nuclear
Physics Investigations”. 2020, N 3, p. 23-27.

33. AM. Bovda et al. Magnetic properties of
Sm2Col7 magnets under 10 MeV electron beam //
Problems of Atomic Science and Technology. Series
“Nuclear Physics Investigations”. 2017, N 6, p. 162-
166.

34. V.A. Bovda et al. Magnetic field losses in Nd-
Fe-B magnets under 10 MeV electron irradiation //
Problems of Atomic Science and Technology. Series
“Nuclear Physics Investigations”. 2017, N 3, p. 90-94.

35. V.A. Bovda et al. Magnetic properties of Nd-
Fe-B magnets under electron beam irradiation with the
energy 23 MeV // Problems of Atomic Science and
Technology. Series “Nuclear Physics Investigations”.
2018, N 3, p. 163-167.

36. J. Alderman, P.K. Job, R.C. Martin, C.M. Sim-
mons, G.D. Owen, J. Puhl, Radiation-Induced Demag-
netization of Nd-Fe-B Permanent Magnets // LS-290,
November 2000.

37. Jinfang Liu, Payal Vora, Peter Dent and Mi-
chael Walmer, Christina Chen, Joseph Talnagi, Suxing
Wu and Martin Harmer. Thermal stability and radiation

resistance of Sm-Co based permanent magnets // Pro-
ceedings of Space Nuclear Conference, 2007, Boston,
Massachusetts, June 24-28 2007, p. 2036.

38. Adib Samin, Jie Qiu, Jason Hattrick-Simpers,
Liyang Dai-Hattrick, Yuan F. Zheng, Lei Cao, Charac-
terization of magnetic degradation mechanism in a high-
neutron-flux environment // Nuclear Instruments and
Methods in Physics Research B. 2014, v. 334, p. 43-47.

39. J.R. Cost, R.D. Brown, A.L. Giorgi, J.T. Stan-
ley. Effects of Neutron Irradiation on Nd-Fe-B Magnet-
ic Properties // IEEE Transactions on Magnetics. 1988,
v. 24, N 3, p. 2016-2019.

40. S. Caspi, S. Gourlay, M. Green, G. Sabbi, et al.
T2 Working Group Summary Report, T2001;
https://www.slac.stanford.edu/econf/C010630/papers/T
2001.PDF

41. J.T. Volk. Summary of Radiation Damage Stud-
ies on Rare Earth Permanent Magnets;
https://www.slac.stanford.edu/econf/C010630/papers/T
207.PDF

42. Adib J. Samin. A review of radiation-induced
demagnetization of permanent magnets // Journal of
Nuclear Materials. 2018, v. 503, p. 42-55;
https://doi.org/10.1016/j.jnucmat.2018.02.029

43. Ben Shepherd. Radiation damage to permanent
magnet materials: A survey of experimental results,
CERN-ACC-2018-0029; CLIC-Note-1079, 29 May
2018, 9 p.

44. 0O.-P. Kahkonen et al. Radiation damage in Nd-
Fe-B magnets: temperature and shape efects // Journal
of Physics: Condensed Matter. 1992, v. 4.4, p. 1007.

45. T. Bizen, Y. Asano, X.M. Marechal,
H. Kitamura. Idea of Mechanism and Protection of Ra-
diation Damage on Undulator Permanent Magnet // AIP
Conference Proceedings. 2007, v. 879(1), p. 420-423.
9th International Conference on Synchrotron Radiation
Instrumentation, Daegu, Korea, 28 May-2 Jun 2006.

Article received 30.04.2024

JIOCJII)KEHHSI ®I3UYHUX MMPOLECIB Y IOCTIMHUX MATHITAX
11 JIEIO EJEKTPOHIB, HEUTPOHIB I TAMMA-KBAHTIB

B.O. boeoa, O.M. boeoa, 1.C. I'yk, B.M. JIawenxo, A.O. Muyuxos, /1. B. Onuwenxo

IpoBeneno orisia pooiT, y SKMX BUBYAIACh B3AEMO/IISI €IEKTPOHIB, HEUTPOHIB | raMMa-KBaHTIB 3 MaTepiagaMu
MOCTIHHUX MArHiTiB, SKi BUKOPHUCTOBYIOTHCSI y MPUCKOPIOBaYax eleKTpoHiB. OCHOBHI BUCHOBKH OTJISIIY BKAa3YIOTh,
IO JJIs BCTAHOBIICHHS MEXaHI3MIB PO3MAarHiueHHs CIUTaBiB HEOOXiTHO BHKOHATH JOKJIATHI TOCIIKCHHS 3MiHU

CTPYKTYPH MaTepiaiB miciis OmpOMiHEHHS.
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