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Abstract
Permanent magnets are attractive options for nano focus-

ing and 𝑞-magnification in MeV ultrafast electron diffraction
(MeV-UED) due to their high field strengths and compact
footprints. In this work, we present field characterization
of axially and radially magnetized neodymium rings. Such
rings can produce strong axisymmetric focusing and natu-
rally fulfill the requirement of stigmatic imaging for post-
sample optical systems. Field qualities of the rings and their
application in MeV-UED are studied and presented.

INTRODUCTION
Magnetic lenses are crucial components of keV electron

microsopy and diffraction instruments and enable magnifica-
tion of small sample features spanning from a few times to
over a million times. For relativistic electrons with energies
in the MeV range, the challenge for developing a strong lens
lies in the decreasing focusing strength of the solenoidal lens
since the focal lengths scale as 𝛾−2. An approach to achieve
shorter focal length consists in using permanent magnetic
quadrupoles (PMQ) as the focal length of quadrupole only
decreases as 𝛾−1 and PMQs can reach very high field gradi-
ents [1, 2]. However, it would require at least three PMQs to
achieve stigmatic imaging condition (equal magnification in
𝑥 and 𝑦) and the longitudinal distances between them need
to be precisely adjusted. Coupled with manufacturing and
alignment errors, it makes PMQs difficult to tune during
operation.

Permanent magnetic solenoid (PMS) is an interesting al-
ternative to PMQ for focusing MeV electron beams [3–5].
Similar to PMQs, PMSs are based on rare earth alloys like
samarium cobalt or Neodymium (NdFeB) magnet but the
orientation of the magnetization is configured in a way to
produce solenoidal fields. There’re two types of configura-
tions: axially and radially magnetized PMS; see Fig. 1. For
simplicity we will refer them as axial PMS and radial PMS.
While the scaling of focal strength of a PMS still follows 𝛾−2,
the large remanence of PMS supports a strong axial field
and produces a short focal length, e.g., a few centimeters at
a few MeVs. Furthermore, the focusing provided by a PMS
is axisymmetric and one could achieve stigmatic imaging
by adjusting the position of a single magnet.

Several neodymium PMS rings are being developed at
the SLAC MeV-UED facility for nano focusing and angular
magnification. In this paper, we report the field characteriza-
tion of the axial and radial PMS rings. Field qualities of the
PMS rings are evaluated with magnetization and Hall probe
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Figure 1: Mockups of (a) an axially magnetized PMS and (b)
a radially magnetizede PMS. The red and blue color denote
north and south poles of the magnets.

measurements. Based on the measurements, different simu-
lation models are used to estimate their focusing strengths
and the effects of manufacturing flaws. Beam dynamics sim-
ulation shows a PMS lens pair (objective lens and eyepiece)
can produce over five times magnification for MeV-UED.

AXIAL PMS
The on-axis magnetic field of an axial PMS can be calcu-

lated using a surface current model [6] and follows as,

𝐵𝑧,pms,a = 𝐵𝑧,sol (𝑧, 𝑅𝑖 , 𝐿) − 𝐵𝑧,sol (𝑧, 𝑅𝑜, 𝐿) (1)

where 𝐵𝑧,sol is the on-axis field of a solenoid of zero thick-
ness and is given by,

𝐵𝑧,sol (𝑧, 𝑅, 𝐿) =
𝐵𝑟

2

(
𝑧 + 𝐿/2√︁

(𝑧 + 𝐿/2)2 + 𝑅2

− 𝑧 − 𝐿/2√︁
(𝑧 − 𝐿/2)2 + 𝑅2

) (2)

here 𝐿, 𝑅𝑖 , 𝑅𝑜 are length, inner and outer radii of the PMS
ring, and 𝐵𝑟 is the remanence.

To achieve high on-axis field and short focal length, a
smaller inner radius 𝑅𝑖 is required for axial PMS. We have
purchased a batch of four axial PMS rings with 𝑅𝑖=2.38mm,
𝑅𝑜=25.4mm, 𝐿=12.7mm. The PMSs are made of grade
N42 NdFeB and have an nominal remanence of 1.32T. For
electron beams with 4.2 MeV kinetic energy, the focal length
is estimated to be 10.8 cm.

We measured the on-axis fields of the axial PMSs with
a 1D Hall probe and the results are shown in Fig. 2. The
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Figure 2: Analytical and measured on-axis fields of axial
PMSs. The inset shows a photo of a measured PMS.

Table 1: Measured magnetization of the four axial PMSs
and the corresponding kicks calculated with radia.

Magnetization (mT) kick (mrad)
Ring # 𝝁0𝑴𝒙 𝝁0𝑴𝒚 𝝁0𝑴𝒛 𝚫𝒙′ 𝚫𝒚′

1 7.98 0.51 1318.2 0 0.21
2 3.14 -1.1 1315.8 0.03 0.08
3 -7.91 11.52 1318.6 -0.32 -0.19
4 4.6 8.12 1318.9 -0.20 0.13

measured profiles agree well with the analytical form (Eq. 1)
when 𝐵𝑟 is set to be 1.318T.

To evaluate the impact of flawed magnetization on beam
dynamics, we measured the magnetizations of the PMS and
use a radia model to compute the trajectories of a 4.2 MeV
electron when it travels through each PMS. In real magnets,
the small tilt angle between the magnetization and magnet
axis results in a kick in both 𝑥 and 𝑦. The measured magne-
tization along with the kick calculated by radia are listed
in Table 1. The kicks are found to small and correctable by
steering magnets.

RADIAL PMS
The on-axis magnetic field of a radial PMS is given by

𝐵𝑧,pms,r = 𝐵𝑧,disk (𝑧 + 𝐿/2) − 𝐵𝑧,disk (𝑧 − 𝐿/2) (3)

where 𝐵𝑧,disk is the on-axis field of a thin current disk,

𝐵𝑧, disk (𝑧) =
𝐵𝑟

2
©­­«ln

√︁
𝑧2 + 𝑅2
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𝑖
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− 𝑅𝑜√︁
𝑧2 + 𝑅2

𝑜
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𝑖

ª®®¬
(4)

Compared with axial PMSs, radial PMSs have weaker
stray fields and one can combine a pair of radial PMSs with
opposite magnetization (inward and outward) to enhance the
on-axis field.

(a)

(b)

Figure 3: (a) Setup and (b) results of the rotation measure-
ment for hot-pressed radial PMS.

Hot-Pressed Radial PMS
A radial PMS can be produced with the hot-press

method [7]. To assess the performance and field quality of
the hot-pressed radial PMS, we have ordered several sample
radial PMSs from a magnet vendor and performed rotation
measurements to characterize the azimuthal uniformity of
magnetization. The setup of the rotation measurement is
shown in Fig. 3(a). A 1D Hall probe was placed above the
PMS to measure the vertical magnetic field component while
the ring was rotated by a motor. To eliminate the effect of the
runout, two measurements were made for each ring, with the
holding mechanism turned 180 degrees between the first and
second measurement. The runout effect is minimized if one
averages two sets of data. The measured fields of a sample
ring is depicted in Fig. 3(b) and shows that the peak-to-peak
fluctuation of the field is within 2%.

Upon further communication with the magnet vendor, we
found the dimensions of hot-press rings were limited—the
ratio of the inner and outer radii of the ring needs to greater
than 0.8. In addition, the length of the ring is recommended
to be about half the of the inner radius. To achieve our de-
sired dimensions, the ring would have to be segmented both
radially and longitudinally. The assembly of these rings
would be challenging due to the repelling forces between
each longitudinal pieces. While this makes hot-pressed ra-
dial PMS infeasible for our design, the method still remains
an attractive solution to make one-piece radial PMSs for
other uses.

Wedge-Based Radial PMS
Due to the difficulty to produce a radial PMS with the

hot-press technique for our desired dimensions, we adopt a
more conventional method and segment the ring azimuthally
into eight identical wedges, with each wedge diametrically
magnetized inward or outward. To characterize the field
performance of the wedge-based radial PMS, we performed
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Figure 4: On-axis field measurement (a) and generalized
gradients (b) of the wedge-based PMS (shown in the inset).

a Hall probe scan and the 3D field map obtained was used
to calculate the generalized gradients and transfer maps of
the magnet [8, 9]. The measured on-axis field as well as
the dipole and quadrupole components of the generalized
gradients are shown in Fig. 4. Based on the the measured
field, we performed elegant simulation and found a focal
length of 7.8 cm and a kick of Δ𝑥′=4 mrad and Δ𝑦′=1 mrad
is expected for a 4.2 MeV beam. To minimize the kick, a
proper arrangement of the dual ring setup is required by
pairing two PMSs with opposite dipole field polarities.

APPLICATION IN MEV-UED
The strong field strength of PMSs makes them attractive

options for post-sample magnetic optics to enhance recip-
rocal space resolution in MeV-UED [10]. In an MeV-UED
beamline, electrons are scattered by a sample and the scat-
tering angles 𝑥′

𝑖
are converted into spatial offsets 𝑥 𝑓 on the

detector by a drift 𝑙𝑑 ,

𝑥 𝑓 = 𝑥0 + 𝑙𝑑𝑥
′
𝑖 ≈ 𝑙𝑑𝑥

′
𝑖 (5)

Adding magnetic optics downstream of the sample allows
the effective camera length (transfer matrix element 𝑅12) to
be varied. As illustrated in Fig. 5(b), an objective lens of
focal length 𝑓obj maps the scattering angles 𝑥′

𝑖
into spatial

offsets at its back focal plane (BFP). The virtual image is
then magnified by an eyepiece lens of focal length 𝑓eye over
distance 𝑙𝑒 . For a strong eyepiece lens ( 𝑓eye ≪ 𝑙𝑒), 𝑥 𝑓 and
𝑥′
𝑖

are related by,

𝑥 𝑓 ≈
𝑓obj𝑙𝑒

𝑓eye
𝑥′𝑖 (6)

With proper choice of of 𝑓obj and 𝑓eye, the camera length can
be made larger than 𝑙𝑑 which allows angular magnification
of the diffraction.

Here we consider an angular magnification setup at SLAC
MeV-UED facility and use two axial PMSs as objective
lens and eyepiece. The dimensions and focal length of the
two PMSs are listed in Table 2. For a total drift distance

detectorsample
objective 

lens eyepieceBFP

𝑓!"# 𝑙$

beam 
direction

detectorsample

beam 
direction

(a)

(b)
𝑙%

(c) (d)

Figure 5: Cartoons of an electron diffraction beamline layout
without angular magnification (a) and with angular magni-
fication(b). (c) and (d) are the corresponding simulated
diffraction pattern on detector. The inset in (c) shows the
region of interest when zoomed in.

Table 2: Dimensions and focal lengths of the objective lens
and eyepiece PMS.

𝑹𝒊 (mm) 𝑹𝒐 (mm) 𝑳(mm) 𝒇 (cm)
objective

lens 3.175 9.525 6.35 67

eyepiece 3.175 38.1 25.4 6.23

𝑙𝑑=3.63m, we estimate from Eq. 6 that a magnification of
8.5 can be achieved if the objective lens is positioned 10 cm
downstream of sample. Start-to-end simulations were con-
ducted using gpt for a bilayer WS2 sample with 7 deg tilt.
The diffraction patterns on the detector are shown in Fig. 5(c)
for the case of no magnification and Fig. 5(d) when PMSs
are present. It is clear that the diffraction pattern are mag-
nified. We note that only a few of diffraction peaks can
be captured due to limited detector size. In practice, one
can use a steering magnet to direct different portions of the
diffraction pattern through PMS and magnify the region of
interest in reciprocal space.

CONCLUSION
In conclusion, we have presented the field characterzi-

ation of axially and radially magnetized neodymium ring
magnets. We show in simulation that angular magnification
can be achieved with two PMSs as objective lens and eye-
piece and a magnification of 8.5 can be achieved compared
with drift. For future work we will install the PMSs in an
accelerator beamline and test their performance for focusing
and magnification.
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