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Abstract

The potential of prompt gamma analysis based on inelastic scattering of 2.5 MeV neutrons for a rapid characterization of
NdFeB permanent magnets is investigated by means of numerical simulations using an HPGe detector and a CZT detector-
array. The results show that rapid assay of a 42 g magnet can be achieved in some minutes when the neutron flux at sample
position is about 1.6 x 10° cm™2 s~! and the detector count rate limited to 500 kcps. Such a high neutron flux could be deliv-
ered by a compact 5 MeV proton accelerator with a thick beryllium target for neutron production through the *Be(p,xn)’Be.

Keywords Fast neutron inelastic scattering - Monte Carlo simulations - Prompt gamma-rays - Magnet characterization -

Medium resolution detectors

Introduction

Neodymium iron boron NdFeB (Nd,Fe,,B) permanent
magnets were developed in 1984 and are regarded as
the strongest and the best available magnets on the mar-
ket until today. They are key components in many high
technology and consumer products such as electrical and
electronics devices, hard-disk drives, sensors, industrial
motors, electric and hybrid vehicles, electric bicycles and
scooters, wind turbines, medical imaging and scanners.
In order to achieve the climate neutrality, the European
Union targets a reduction of greenhouse gas emissions by
60% by 2050 [1]. This objective requires an increase of the
electricity production from renewable resources like wind
and the use of electric or hybrid vehicles which will need
around 1-2 million tons and 150,000 tons of permanent
magnets, respectively [2]. The rare earth elements (REE)
neodymium (Nd), praseodymium (Pr) and dysprosium
(Dy) present in NdFeB magnets are classified together
with 37 other elements and 9 substances as critical raw
materials (CRMs) by the European Commission due to
their economic relevance and supply risk [3]. Actions
to ensure a secure and sustainable supply of CRMs are
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proposed in the European Critical Raw Materials Act [4],
one of them concerning the recycling. The different strate-
gies and processes for recycling of spent NdFeB magnets
and recover of REE like direct recycling and hydromet-
allurgical, pyrometallurgical and electrochemical extrac-
tion are extensively discussed in [5—7]. Efficient recycling
requires, at front end, a sorting of the magnets according
not only to their type (Ferrite, SmCo, AINiCo, NFeB, etc.)
but also to their content of REEs. A variety of analyti-
cal techniques can be used for determination of the REE
content in waste flows. Destructive analytical methods,
such as Induced Coupled Plasma-Mass/Optical Emission
Spectrometry (ICP-MS or -OES) are capable of provid-
ing accurate results, necessitating, however, the dissolu-
tion of a part of a sample [8]. Moreover, in the case of
heterogeneous samples, the results are not representative
for the whole sample. X-Ray Fluorescence (XRF) [9] and
Laser Induced Breakdown Spectroscopy (LIBS) [10] are
non-destructive methods but provide only near-surface
information and are not able to identify stacks of materi-
als. Prompt Gamma Neutron Activation analysis (PGNAA)
technique with cold or thermal neutrons reaches its per-
formance capabilities due to penetration length limitations
of the incident neutron beam in dense materials [11, 12].
Besides, the use of cold neutrons requires complicated
instrumentation and is thus not suitable for in-situ indus-
trial applications. Neutron Activation Analysis (NAA)
requires access to a research reactor, which, coupled with
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the timelines of such measurements, is not suitable for
the task either. As a result, absence of a consistent and
straightforward solution to characterize rapidly all types of
magnets and unfold qualitative and quantitative informa-
tion about the elemental composition of REEs is a critical
issue for the magnet recycling industry.

Prompt Gamma Analysis based on Inelastic Neutron
Scattering (PGAINS) could be suitable for a rapid deter-
mination of the elemental composition of permanent mag-
nets. This method measures the element specific gamma-
rays induced by the inelastic scattering of fast neutrons
i.e. (n,n'y) reactions. It may be mentioned here that the
energies of these gamma-rays differ from the energies of
the gamma-rays produced by neutron capture reactions.
The proof of principle of PGAINS has been demonstrated
with the FaNGaS (Fast Neutron-induced Gamma-ray Spec-
trometry) instrument installed at Heinz Maier-Leibnitz
Zentrum (MLZ) using the intense fission neutron beam
delivered by the beamtube SR 10 of the FRM II reac-
tor (Forschungs-Neutronenquelle Heinz Maier-Leibnitz)
[13—17]. In this work, we investigate the detection of neo-
dymium and dysprosium in NdFeB magnet samples by
means of numerical simulations in PHITS code using a
beam of 2.5 MeV neutrons. The gamma-ray spectra are
collected either with a high-resolution HPGe-detector with
50% efficiency or an array of 8 cadmium zinc telluride
(CZT) detectors. The results obtained for the two detec-
tion systems are used to estimate the basic parameters and
counting times for the development of a real measurement
system and to perform further optimization of the numeri-
cal model in terms of geometrical configuration of the
measurement cell and shielding.

x [cm]
Flux [1/cm?source)

z [cm]

Numerical simulation

The numerical simulations are performed with the PHITS
code (Particle and Heavy Ion Transport code System, ver-
sion 3.28) [18] using the JENDL-4.0 [19] nuclear data
library. The geometry of the simulation environment is
shown in Fig. 1. A disc-shaped magnet sample with a
diameter of 2.8 cm and a thickness of 1 cm is fully irradi-
ated with a parallel beam of 2.5-MeV neutrons of same
diameter as the sample. The prompt gamma-ray spectra are
collected with a high-resolution HPGe detector (Fig. 1) or
with an array of 8 cadmium zinc telluride (CZT) detectors
(Fig. 1) positioned at 90° relatively to the axis of the neu-
tron beam and close to the sample. The short sample-to-
detector distance allows for collecting gamma-ray spectra
with a high counting statistics and does not correspond at
this point to a real system because of the detector-pream-
plifier saturation due to very high input count rates. No
shielding material is placed between detector and neutron
beam. The HPGe detector is analog to that of the FaNGaS
spectrometer (50% relative efficiency, energy resolution
of 2.2 keV at 1.33 MeV) and simply modelled by a cylin-
drical germanium crystal with a length of 8.5 cm and a
diameter of 6.4 cm. The CZT detector-array is composed
of two arrays of 4 CZT detectors placed on each side of
the sample. Each individual CZT detector has a surface of
4 x4 cm? and a thickness of 1.5 cm. The energy resolution
is 2.5% at 661 keV [20]. The distance between the center
of the sample and detector surface is 2 cm for the HPGe-
detector and 2.4 cm for each CZT-detector. The spectra are
collected with 16,384 energy bins and the upper energy
threshold set to 9000 keV. Simulations are conducted for
NdFeB magnet samples with various neodymium and

Flux [1/cm?/source]

-10 -5 0 5 10 15
z [cm]

Fig. 1. 2D view of the PHITS simulation model with the HPGe detector (left) and with the CZT detector-array composed of two arrays of 4
CZT detectors placed on each side of the sample (right) showing the distribution of the neutron fluence in middle plane of the neutron beam
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Table 1 Elemental compo§ition Element Compl Comp2 Comp3 Comp4 Comp5 Comp6

of FeNdB magnets according to

[21,25] Fe 67% 67% 67% 67% 67% 67%
Nd 30.6% 29.2% 27.9% 25.6% 23.3% 21.9%
Dy 1.4% 2.8% 4.1% 6.4% 8.7% 10.1%
B 1% 1% 1% 1% 1% 1%

The density of the material that varies slightly with the magnet composition is 7.6 g cm™

dysprosium contents (Table 1). The number of primary
neutrons is 10'° for each simulation corresponding to a
neutron fluence of 1.62 x 10° cm~2 at sample position. The
simulated spectra are analyzed with the spectroscopy soft-
ware Gamma-W (Westmeier GmbH).

Results

Parts of the simulated spectra of the magnet samples with
different neodymium and dysprosium contents are shown
in Fig. 2. The production of gamma-rays from fast neutron
capture reactions is negligible due to lower cross-sections
compared to the (n,n") reactions. Assignment of the gamma-
ray energies which are due to inelastic scattering of fast neu-
trons to the isotopes is done using data given in [21] and the
database NuDat 3.0 [22]. The most intense signature lines of
dysprosium, neodymium and iron are labelled in the spectra.
Based on the spectra of the HPGe detector, the following
interference-free lines are selected: 454 keV (1*°Nd), 1377 keV
("**Nd, **Nd) and 1575 keV (**Nd) for neodymium, 167 keV
(*'Dy, 19Dy), 169 keV ('**Dy), and 185 keV (!°Dy) for dys-
prosium and 846 keV (*°Fe) for iron. In the case of the CZT
detector-array, the lines at 167 and 169 keV are not resolved,
forming a single peak containing also a contribution of the
165-keV line of '%*Dy. The same is observed for the 185-keV
line with a contribution of the weak line of ''Dy at 183 keV.
The peak at 454 keV includes a contribution of the 448- and
451-keV lines of '*°Nd and'*®Nd, respectively. The net count
rates of the aforementioned lines normalized to a neutron
emission of 10'% s™! are given for the HPGe and CZT detector-
array in Tables 2 and 3, respectively. The linear relationship
between count rate and element mass is shown in Fig. 3 and
the resulting correlation coefficients are given in column 9 of
Tables 2 and 3. Due to the close distance between sample and
detector the total count rate for both detectors is 3 x 108 57!
for a neutron flux and sample position of 1.62x 10° cm™2s7".
This corresponds to the total count rate of 3.8 x 107 s~! for
each CZT detector equipped with its own readout electronics
for signal processing.

3

Discussion

Based on the simulation results a rapid determination of neo-
dymium and dysprosium content in FeNdB magnets requires
a high fast neutron flux at sample position in conjunction
with an optimal sample-to-detector distance in order to
avoid saturation of detector electronics. Let's first consider
as 2.5 MeV neutron source a deuterium-deuterium neutron
generator with a neutron emission of Ny=10'" s~ in 4pi.
For a distance between neutron source and sample of L =30
to 50 cm for example (some optimized shielding material
is needed between the neutron source and the detector in
the real measurement system [21]) the neutron flux at sam-
ple position will be between 3 x 10° and 9 x 10> cm™2 57!
(N()/471',L2). It means that for reaching the gamma-ray counts
obtained in the simulation with a flux of 1.6x10° cm™2 57!
and the close sample-to-detector distance a counting time of
between 30 and 90 min will be necessary. This assay time
is definitively too long for a characterization of magnets at
industrial scale which requires a high sample throughput. An
intense fast neutron flux at sample position could be deliv-
ered by a compact accelerator based neutron source (CANS)
composed of a 5 MeV proton accelerator and a thick beryl-
lium neutron-target. In this case the *Be(p, xn)’Be reaction
produces a total neutron yield of 3.5x 10> mA~"' s7!in 4n
sr [22]. At an angle of 0° with respect to the proton beam,
the neutron spectrum has a maximum at 2.7 MeV and the
neutron yield is 4x 10'" mA~! s™! [22]. Thus, setting the
proton beam current to 25 pA will offer a neutron emission
of 10'° s~! towards the sample and a flux at sample position
of 1.62x10° cm™2 s™! corresponding to the parameters used
in the simulations. In order to avoid saturation of the detector
preamplifier the distance between sample and detector must
be increase compared to the close counting geometry of the
simulations. The total detector count rate decreases by a fac-
tor defined as the ratio of the solid angles subtended by the
detector at the sample position, €2(d)/€2 (dy) calculated for
the new distance d and the distance d, set in the simulations.
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Fig.2 Linear relationship between the normalized count rates of selected neodymium and dysprosium lines and the element mass for the HPGe-

detector (left) and the CZT detector-array (right). The count rates are normalized to a neutron emission of 10!

For the HPGe detector d,, is 2.4 cm and Q(d,) =2.51 sr. For
each CZT detector-array, d,, is 2 cm and €2(d)) =3.71 sr. For
simplification, the solid angle is calculated assuming the
sample as a point source. The inverse value of the solid angle
ratio corresponds to the counting time t, needed to obtain the
same spectra as the simulated ones i.e. the count rates of the
gamma lines given in Tables 2 and 3. The values of d, Q(d),
and 7, obtained for total detector count rate of 250 kcps, 500
kcps and 1000 keps are given in Table 4. Such high-count
rates can be handle without considerable degradation of the
energy resolution with the adaptive digital pulse processing
system including pulse deconvolution developed in [23]. As
seen from Table 4, the CZT detector array due to its better
geometrical efficiency requires less time to characterize a
42 g NdFeB magnet sample than the HPGe-detector, one
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main limiting factor for the latter being the input count rate.
However, with a better energy resolution HPGe-detectors
offers a lower limit of detection. One advantage of CZT
detectors is that they are room temperature devices and do
not require cooling unlike HPGe detectors. Moreover, recent
progress and development in CZT detector technology opens
a promising future for application of CZT detectors for such
analytical tasks, offering an energy resolution better than 1%
at 662 keV [24]. Of course, the time required to characterize
a magnet will depend on its mass, size or shape i.e. on its
neutron self-shielding and gamma self-absorption and fur-
ther numerical simulations must be carried out to optimize
such as analytical system including also the neutron- and
gamma-shielding components.
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Conclusions

In this work, we explored the possibility of a rapid charac-
terization of NdFeB permanent magnets in view of their
sorting/recycling at industrial scale simulating the measure-
ment of prompt gamma-rays induced by inelastic scattering
of 2.5 MeV neutrons with the PHITS code. Magnets (mass:
42 g) with various neodymium and dysprosium content were
irradiated with an intense neutron beam (10'° s7!) and the
gamma-ray spectra recorded with two different detectors, a
HPGe detector and two CZT detector-arrays placed close
to the sample. For both detectors a very good linear rela-
tionship was obtained between the count rates of selected
gamma lines of neodymium and dysprosium and the element
mass. A rapid characterization of the magnets (interroga-
tion time of about 1 min or less) requires a high neutron

Table2 Net count rate of neodymium, dysprosium and iron lines C normalized to a neutron emission of 10"

HPGe-detector

flux at sample position that cannot be achieved by using a
deuterium-deuterium neutron generator with a neutron emis-
sion of 10'% s7! 47 sr. In this case, the time needed to char-
acterize a magnet ranges between 30 and 90 min for a small
sample-to-detector distance. A high sample neutron flux can
be delivered by a CANS based on a 5 MeV proton accelera-
tor and a thick beryllium target for neutron production via
the 9B(p,xn)gBe reaction. With such a neutron source and
limiting the input count rate to 500 kcps the characteriza-
tion of a 42 g magnet could be attained in 6 min with the
HPGe detector (distance from sample: 88 cm) and in 1.3 min
with the CZT detector-arrays (distance from sample: 36 cm)
composed of 8 individual CZT detectors with own readout
electronics. The results show the promising potential of the
PGAINS technique using a CANS for rapid characterization
of magnets of various types and other materials in industrial

0 s~ neutrons obtained for the

Cls™'1x1073 R Cope
[s~ g7 '1x107°

Ey [keV] Isotope Compl Comp2 Comp3 Comp4 Comp5 Comp6

Neodymium: 1432 ¢g 13.66 g 13.06 g 1198 g 1090 g 10.25 g

454 146N d 11.55(3) 10.96(3) 10.52(3)  9.66(3) 8.82(3) 8.41(3) 0.999 8.05(6)
1377 144Nd,Nd 1.90(1) 1.79(1) 1.71(1) 1.58(1) 1.44(1) 1.11(1) 0.998 1.32(1)
1575 42Nd 9.40(3) 8.97(3) 8.55(3) 7.84(3) 7.113) 6.78(2) 0.999  6.56(3)
Dysprosium: 0.65¢g 131¢g 192 ¢ 299¢g 4.07 g 472 ¢g

167 161Dy 163Dy 0.061(2) 0.133(3) 0.198(4) 0.286(5) 0.773(6) 0.425(6) 0.997 0.96(4)
169 164Dy 0.025(2)  0.051(2)  0.075(3)  0.124(3)  0.163(4)  0.182(4)  0.998  0.39(1)
185 162Dy 0.054(2)  0.109(3)  0.158(4)  0.248(5)  0331(5)  0375(6) 0999  0.82(2)
Iron: 3135¢ 3135¢ 3135¢ 3135¢ 3135¢ 3135¢

846 SFe 73.06(3)  72.79(3)  72.69(3)  72.60(3)  7224(3)  73.47(3) - 23.2(1)

Bold the indicate values make it easier to distinguish between the results for different materials and samples

Comp means Composition

Cype is the count rate per gram of element. R is the coefficient of correlation of the linear relationship between count rate and element mass

Table 3 Net count rate of neodymium, dysprosium and iron lines C normalized to a neutron emission of 10'° s~ neutrons obtained for the CZT

detector-array

C[slIx107 R e [s727'1% 1070
E, [keV] Isotope Compl Comp2 Comp3 Comp4 Comp5 Comp6
Neodymium: 1432 ¢ 13.66 g 13.06 g 1198 g 1090 g 1025 ¢g
448 +451+454  '“Nd,"Nd,"°Nd  40.09(6)  38.67(6) 36.21(6) 32.57(5) 28.66(5) 27.29(5) 0.998  27.35(8)
1377 144Nd, ONd 3.36(2) 3.15(2) 3.03(2) 2782)  254(2)  238(1) 0999 2.32(1)
1575 42Nd 1591(4)  15.32(4) 14.50(4) 13.453) 12.20(3) 11.53(3) 0.999  11.18(6)
Dysprosium: 0.65¢g 131¢g 192 ¢ 299¢g 4.07 g 472 ¢g
165+167+169  '©'Dy,'%Dy %Dy 0.162(12)  0.293(5)  0.403(6)  0.694(8)  0.923(9) 1.02(1)  0.998 2.3(1)
1834185 161y 162Dy ND 0.238(5) 0.360(6) 0.580(7) 0.789(8)  0.920(9) 1.000  1.90(6)
Iron: 3135¢ 3135¢g 3135¢ 3135¢ 3135¢g 3135¢
846 Fe 1583(1)  151.4(1)  152.4(1) 1542(1) 154.8(1) 154.9(1) - 49.2(8)

Cype is the count rate per gram of element. R is the coefficient of correlation of the linear relationship between count rate and element mass
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«Fig.3 Parts of the simulated prompt gamma-ray spectra of mag-
net samples with different compositions (see Table 1) for the HPGe
detector (left) and the CZT detector-array (right). The count rate is
normalized to a neutron emission of 10'0 5!

Table 4 Counting time t, required to generate the spectra simulated for a 42 g magnet with a neutron flux of 1.62x 10° cm™

ple-to-detector distances d i.e. various total detector count rates Cyy,

2 s~! at various sam-

Ciotar (keps) HPGe detector CZT detector arrays

d (cm) Q(d) (sr) t. (min) d (cm) Q(d) (sr) tc (min)
250 124 2.09 107 20 45 3.09 1072 2
500 88 418107 6 36 4.88 1072 1.3
1000 62 8.38 1073 2 25 9.77 1072 0.6

Q(d) is the solid angle subtended by the detector. Note that for the CZT detector-arrays C,,,; corresponds to the total count rate of each single

CZT detector in the array

applications. However, further studies based on numerical
simulations are necessary for the design of a real system,
including the dynamical range of sample masses that could
be assayed, the neutron beam size, the irradiation chamber
with neutron beam stop, the neutron and gamma shielding
and the optimization of the detector geometry according to
the input count rate.
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