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Photoemission electron microscopy (PEEM) offers a potential third modality for 
large-volume connectomics alongside transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM). We image osmium stained, ultrathin brain sections 
on gold coated silicon at synaptic resolution using commercial PEEMs. At coarser reso-
lution, we demonstrate that ultraviolet laser illumination enables gigavoxel-per-second 
acquisition rates without thermal damage. PEEM combines TEM-like parallel detec-
tion with SEM-compatible solid supports into a potentially scalable and cost-effective 
approach for large-volume connectomes.

Photoemission Electron Microscopy (PEEM) | connectomics | brain mapping

 A confluence of advances in 3D electron microscopy (EM) imaging, sample preparation, 
and algorithms has enabled the mapping of how neurons connect in large volumes of 
brain—connectomics. Connectomics has emerged as an invaluable tool in the neuro-
science armamentarium, and the analysis of wiring patterns in the cortex, hippocampus, 
retina, songbird sensory motor cortex, zebrafish larvae, and entire fly brains has helped 
discover principles of brain functions that could not have been revealed in any other 
way ( 1 ). These datasets are also inherently valuable as public repositories for future 
investigations by the broader neuroscience community. Thus, large 3D datasets at syn-
aptic resolution will be vital to future neuroscience research, with the next leap in 
connectomics being the reconstruction of full neural circuits in mammalian brains. 
However, all EM connectomic reconstructions use either transmission electron micros-
copy (TEM) or scanning electron microscopy (SEM), which have limitations in the 
reliable automated serial pickup of ultrathin brain slices (UTBS) or in acquisition costs, 
respectively. To make that leap to mammalian connectomes, large-volume connectomes 
need to be cheaper and faster.

 In this study, we investigated whether a third type of electron microscopy, photoemission 
electron microscopy (PEEM), could be used for high-throughput imaging of UTBS for 
connectomics. Photoemission electron microscopes are commercially available, are rou-
tinely used in chemistry and surface physics, and have been sporadically used since the 
1970s for biological imaging ( 2   – 4 ) and even to image neurons in culture ( 5 ). PEEM uses 
wide-field illumination (such as UV light) to emit photoelectrons from materials ( 6 ). 
Variations in the resulting photoemission pattern are captured with standard electron 
optics ( Fig. 1A  ). Photoemitted electrons are accelerated (usually to 10 keV to 20 keV) 
and projected with electrostatic and electromagnetic lenses onto an electron detector. 
Commercial PEEMs can have resolution capabilities as low as 5 nm ( 7 ). There are also 
cameras available that capture PEEM data at 10 GHz pixel rates, making a fast PEEM 
for connectomics plausible. Laser illumination can be used in PEEM to increase through-
put compared to incoherent light sources, offering a promising approach for significantly 
accelerated neural circuit mapping that combines the most attractive aspects of scanning 
and transmission EM ( Fig. 1A  ).         

Results

 As PEEM is usually done on flat conductive substrates, we manually picked up 60-nm-thick 
brain sections that had been prepared for EM-based connectomics ( 8 ) on a square-
centimeter-sized piece of silicon, coated with gold, and glow-discharged to increase hydro-
philicity and adhesiveness of the brain sections to the substrate. Here, we captured synaptic 
resolution images with a mercury arc lamp ( Fig. 1B  ). We measured the resolution (Methods ) 
as 20 nm, meaning PEEMs can deliver sufficient resolution for full connectomic circuit 
reconstruction.
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 But importantly with PEEM, throughput can be sped up consid-
erably by increasing photon flux, via a laser. Therefore, we next inves-
tigated laser illumination of the UTBS in a PEEM. Because arc lamp 
light is polychromatic, we first investigated the wavelength depend-
ence of contrast and found that with a pulsed laser, image acquisition 
was possible at all three wavelengths assessed (210 nm, 250 nm, 270 
nm) ( Fig. 1C  ). The range of possible wavelengths highlights the flex-
ibility of using PEEM, allowing optimization in the space of electron 
yield and availability of lasers. For example, the ratio of incoming 
photons to outgoing electrons (quantum yield) was 19 times more 
favorable at 210 nm. However, there are more affordable, commer-
cially available lasers at 266 nm (i.e., lower cost per electron gener-
ated), so we concentrated on the latter for further investigation.

 With a 266 nm continuous-wave laser, we imaged sections at 
100 ms, 10 ms, and 1 ms exposure time on a 6 μm field of view 
( Fig. 2 ). In all three cases, we could clearly see individual plasma 
membranes of individual neurons in neuropil, even at the rela-
tively low laser powers used here, 28.37 mW. Additionally, we 
imaged small stacks with both arc lamp and 266 nm laser ( 9 ,  10 ) 
and found the reconstructability promising.          

Discussion

 In summary, we describe the first successful imaging of UTBS 
using PEEM at synaptic resolution. Furthermore, we demonstrate 
that UV laser illumination of UTBS significantly increases PEEM 
imaging rates, exceeding state-of-the-art SEM and TEM tech-
niques used for connectomic imaging of brains. Finite element 
analysis shows that laser powers more than 100 times what we 
demonstrate in our experiments are safe without thermal damage 
of the sample, suggesting 1 ms images with signal to noise com-
parable to that of the 100 ms image are possible. Finally, initial 
experiments suggest that PEEM is compatible with ion milling 
( Fig. 2 ). Serial ion milling of UTBS could reveal potential limi-
tations in the effective imaging depth of PEEM within an UTBS 
and the long-term stability of UTBS in PEEM imaging when 
combined with serial milling.

 Since PEEM has similar requirements as SEM imaging (i.e., 
section flatness, conductive substrates, and maximizing UTBS 
density), we argue that existing state-of-the-art approaches for 
automated collection of serial UTBS on conductive substrates, 
such as automated collection on tape (ATUM) ( 11   – 13 ), and col-
lection on silicon (MagC) ( 14 ,  15 ), could be used to scale the 
number of UTBS for PEEM.

 Illuminating UTBS with photons instead of electrons opens 
up the space of sample preparation for PEEM imaging. With this 

contrast mechanism, it is plausible that different sample prepara-
tions may be even more suitable for PEEM and that combinations 
of existing EM stains or entirely new stains could increase contrast. 
Also, for each contrast agent candidate, higher throughput could 
be achieved by identifying the optimal excitation wavelength. 
Stain, laser wavelength, and milling thickness ( 14 ,  16 ) could be 
matched to extract the maximum amount of information from 
the sample in minimum time.

 An adult mouse brain conservatively estimated to be 1 cm3 , 
sliced to 30 nm, imaged at 8 nm pixel size, would result in a dataset 
of 5.2 × 1017  voxels. A single PEEM with a UV laser, imaging 
nonstop at a net 2 GHz pixel rate ( Fig. 2 ), would take approxi-
mately 8.2 y. Commercially available PEEM instruments could 
be used to do high-throughput connectomics imaging, needing 
only software modifications and a stage that can hold and address 
a large wafer. Additionally, UTBS can be easily distributed across 
multiple PEEMs, decreasing the time to map a mouse brain pro-
portionately to the number of PEEMs used. Looking forward, a 
10 GHz PEEM is plausible given the analyses above and would 
pave the way for even larger mammalian brains.  

Methods

Sample Preparation. Mouse brain sections were prepared for PEEM imaging 
following the same protocol used for standard SEM preparation using multiple 
rounds of osmium tetroxide staining (8). In brief, the mouse was perfused tran-
scardially to preserve the ultrastructure. The mouse brain was surgically removed, 
postfixed, and a vibratome-sectioned brain slice (200 to 300 μm) was stained 
with successive rounds of osmium tetroxide, potassium ferrocyanide, uranyl ace-
tate, and lead nitrate, before ethanol dehydration and embedding with EPON 
resin. Resin-encapsulated brain was then sliced using an ultramicrotome to 40 
to 60-nm-thick UTBS, which were picked up on a Si substrate (coated with gold 
and glow-discharged). Samples for Fig. 2 received an ion beam treatment, for 
details, see below.

For Fig. 1B, the UTBS on the substrate was illuminated using a broadband 
mercury arc lamp with a short pass filter allowing photons with energies greater 
than 4.43 eV (280 nm) to arrive on the sample. The resulting photoelectrons 
were imaged with a photoemission electron microscope manufactured by SPECS 
GmbH [aberration-corrected microscope (7)]. The typical exposure time for one 
image was hundreds of seconds. High-resolution images are obtained by inte-
grating the same region of interest to improve signal-to-noise.

The PEEM image in Fig. 1C was acquired using an aberration-corrected spectro-
scopic photoemission and low-energy electron microscopy system (AC-SPELEEM 
Elmitec GmbH). Energy-resolved PEEM measurements were performed by coupling 
the PEEM with a Yb-doped fiber amplifier laser system, which delivered 230 fs, 
1,030 nm pulses at a 4 MHz repetition rate. The tunable laser generated photons 
with wavelengths of 210 nm, 250 nm, and 270 nm using a noncollinear optical 

Fig. 1.   (A) PEEM combines the advantages of SEM and TEM for high-throughput volume electron microscopy (vEM). (B) High-resolution PEEM image of a UTBS. 
(Top Right) We can visualize multiple synapses (red square) as evidenced by the presence of postsynaptic densities (PSD) and presynaptic vesicle clouds. (Bottom 
Right) Line cut resolution measurement. Field of view: 4.27 μm. (C) Dependence of PEEM images on illumination wavelength. Field of view: 20 μm.
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parametric amplifier. An energy slit was applied in the energy analyzer, providing 
energy-resolved images with an approximate energy resolution of 250 meV.

To ensure operation below the vacuum space charge limit—where image blur-
ring and energy spectrum broadening are avoided—we used an energy density 
of 230 nJ/cm2. The laser spot size on the sample was larger than 100 μm. PEEM 
images were acquired with an exposure time of 16 s per frame and averaged over 
sixty frames after applying flat-field, dark-field, and drift corrections.

The sections were stained and sliced as above, then picked up on 10 mm by 10 
mm silicon chips coated in 100 nm of gold (MSE Supplies, AZ, US). The sections 
were then polished on a Scia 150 with the following parameters before imaging: 
source start of 270 W, beam voltage of 400 V, accelerator voltage of 700 V, and 
neutralizer current of 200 mA. The sample temperature was set to 15 °C, and 7 
standard cubic centimeters per minute (sccm) of helium was ran through the 
sample holder to cool the samples. Argon 1 was set at 7 sccm, and Argon 2 was set 
at 12 sccm. The sample angle was set at 10°, and the sample was rotated at 5 RPM.

The sections were illuminated using a 266 nm continuous wave laser and 
imaged with an PEEM (Elmitec GmbH). The laser spot size was approximately 
30 μm in diameter. The laser power was measured using a laser power meter 
placed in front of the beam. The PEEM image detector used was a CheeTah quad 
detector with Medipix3 (Amsterdam Scientific Instruments, NL).

Finite Element Analysis of Heating. Finite element analysis was performed 
using COMSOL Multiphysics 5.2.0 to model the thermal response of the 
diamond substrate under laser illumination. The substrate was modeled as 
diamond with a thermal conductivity of 1,500 W/m/K, consistent with commer-
cially available polycrystalline CVD diamond wafers. Laser heating was simu-
lated assuming uniform illumination over a circular area of 40 μm diameter 
with 100% optical absorption. Thermal boundary conditions included a fixed 
temperature heat sink at the bottom surface of the diamond wafer, representing 
the primary thermal conduction pathway, while all other surfaces were treated 
as thermally insulated. Steady-state conditions were assumed for all calcu-
lations, allowing the system to reach thermal equilibrium under continuous 
laser excitation.

Resolution. We took a linecut over a small region of the image and fit the pho-
toemission intensity. Spatial resolution is calculated as the distance between 16% 
and 84% of the error function, corresponding to the SD of a Gaussian instrumental 
response convoluted with a Heaviside step function.

Data, Materials, and Software Availability. 3D image stacks data have been 
deposited in Webknossos [https://webknossos.org/links/iyQBZLZFmxtDAe8e (9) 
and https://webknossos.org/links/gMXAns5EtQo89QVU (10)].
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