nature communications

Article

https://doi.org/10.1038/s41467-026-74060-6

Crossed laser phase plates for transmission
electron microscopy

Received: 29 October 2024

Accepted: 26 May 2026

Published online: 05 June 2026

M Check for updates

Petar N. Petrov® "%, Jessie T. Zhang"?, Jeremy J. Axelrod ® '3, Pavel K. Olshin® &
Holger Miiller ®'2

A phase plate has long been sought in transmission electron microscopy (TEM)
to maximize the image contrast of weakly-scattering objects like biomolecules.
The laser phase plate (LPP) has recently demonstrated that an amplified,
focused laser standing wave reliably phase shifts the electron beam, achieving
phase-contrast TEM. Building on the single-beam LPP, here we introduce the
crossed laser phase plate (XLPP): two laser standing waves which intersect in
the diffraction plane. We present a theoretical model for the XLPP inside the
microscope and show that, relative to the original LPP, it increases information
transfer at low spatial frequencies while suppressing ghost images formed by
Kapitza-Dirac diffraction. We also present a simple acquisition scheme,
enabled by the XLPP, which further suppresses ghosts. Finally, we discuss
practical considerations of XLPP design and show experimental results from a
prototype. The results of this study chart the course for future developments

of LPP hardware.

A phase plate increases the contrast of weak-phase objects in trans-
mission electron microscopy (TEM) by phase-shifting the unscattered
component of the transmitted electron wave relative to the scattered
component'™, In the growing field of cryo-electron microscopy (cryo-
EM) of biological specimens, such a phase plate is highly sought-after
as a means to improve the detection and alignment of small proteins**,
discrimination of conformational states of molecules®, and visualiza-
tion of multi-scale structural features in electron tomograms”®. Addi-
tionally, a phase plate that affords precise control of the electron beam
phase across multiple exposures enables advanced imaging schemes’.

While a number of different phase plate designs have been
explored in electron microscopy since the first proposals in the 1940s,
the implementation of a stable, robust device has proven difficult’.
Placement of materials in or near the path of the imaging electrons
leads to variability in phase plate behavior due to charging and
radiation damage to the device, as well as signal loss and imaging
artifacts'°'% While the Volta phase plate, based on a thin carbon film in
the diffraction plane of the microscope, has proven the most suc-
cessful implementation of phase contrast in electron microscopy, the
above instability and signal loss have discouraged its use'* ™.

Recently, the laser phase plate (LPP) demonstrated the potential
to improve upon previous designs. By imparting phase shift via
Compton scattering, the LPP eschews materials in the path of the
electron beam, avoiding the associated pitfalls of material-based phase
plates’. The LPP uses a high-intensity continuous-wave laser focus,
generated by enhancement in a Fabry-Pérot cavity, to phase shift the
unscattered part of the electron beam®™". The LPP has demonstrated
the full Z rad phase shift desired for imaging weak-phase objects'®"’, as
well as stable and analytically-tractable properties over the time nee-
ded to take large datasets***. These features of the LPP have made it a
leading candidate to replace previous phase plate designs in cryo-
EM?>%, Application of the LPP to single-particle analysis has already
been demonstrated'®*.

However, a few non-ideal properties of the LPP remain. The rela-
tively large focal radius of the intra-cavity laser beam gives rise to a
concomitantly large “cut-on” spatial frequency, above which phase
contrast becomes effective. Compensation for this by magnifying the
diffraction pattern leads to increased spherical and chromatic aber-
ration coefficients (C, C.). Additionally, the LPP generates unwanted
“ghost" images (higher diffraction orders)* which, although so weak
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Fig. 1| Crossed laser phase plates (XLPP) concept. a Schematic of a TEM with a
XLPP in the conjugate diffraction plane. The incident electron beam (green) is
focused at the focus of the XLPP laser beams (blue) while scattered electrons
(yellow) are not. Blue double-headed arrows indicate horizontal laser polarization.
b, c Comparisons of the phase shifts  produced by the single laser phase plate
(SLPP, b) and XLPP (c) as a function of spatial frequency (s, s). Insets progressively
zoom in on lowest spatial frequencies. Purple circles in (b) illustrate the cut-on
frequencies s, (top) and s; (bottom). d Azimuthally-averaged modulus of the CTF.

Vertical dashed lines indicate s, for the SLPP (red) and XLPP (blue), as well as s;
(purple), which is the same for both. e, f Normalized, simulated in-focus images of
one apoferritin protein formed using the SLPP (e) and XLPP (f) show ghost images
spaced by d, from the main image. Insets zoom in on main image (solid border) and
right ghost image (dashed border). The SLPP has numerical aperture N, = 0.05
while the XLPP has N4 = 0.08. Additional calculation parameters are provided in
Supplementary Table 1. Color scale ranges from O (white) to % (black) in (b, ¢) and
from 0.08 (black) to 1.1 (white) in (e, f).

that they are often buried by noise, may impede its use in the presence
of stronger-scattering objects such as the specimen support film or
heterogeneous environments such as crowded cellular sections. While
increased aberration coefficients may be counteracted by the use of
aberration correctors and higher-coherence electron sources, and
while partial suppression of ghost artifacts may be achieved by image
processing, improvement of the LPP design directly is preferred so
that other microscope hardware and software can be used to its full
advantage.

Here, we show that combining two LPPs in a single diffraction
plane at 90" to each other in an “X"-shaped configuration (XLPP,
shown schematically in Fig. 1a) can overcome these problems. As we
shall see, distributing the laser power and thus the heat load among
two cavities can be used to lower the cut-on frequency. Relative to a
single LPP (hereafter, SLPP), the XLPP also significantly reduces
ghost images and enables advanced acquisition schemes which can
suppress ghosts further still. The improved imaging properties of
the XLPP are expected to add value for imaging of large macro-
molecules and large cellular features such as elements of subcellular
ultrastructure’. Stronger focusing or lower laser wavelength of the
LPP will allow C; and C, of a phase-plate TEM to be reduced without
increasing the cut-on frequency, making the benefits of the LPP
more accessible without compensation by advanced, expensive
TEM hardware. In addition, a pair of crossed laser beams with
aligned intensity antinodes, in a configuration similar to the proto-
type XLPP presented here, can be used to correct spherical aberra-
tion of an electron microscope, as shown in a recent theoretical
study®. The XLPP thus introduces new possibilities for TEM, and for
coherent electron beam manipulation more generally, which have
yet to be fully explored.

Results

Electron phase shift

The phase shift imparted to an electron by a LPP is calculated following
the approach described previously?’. In the case of the XLPP, we
consider two linearly-polarized standing waves, propagating in the
diffraction plane and at 90" to each other (see Fig. 1a, c). The total
electric field in the diffraction plane is

E(rx'ry):

26, |0 /i cos <2_n rx> Px
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where p, ,, are the polarizations of the two laser beams, /;is the laser
wavelength, Eq is the electric field amplitude, w,,, are the laser beam
radii, and wyq is the minimum radius ("waist"), achieved by each laser
beam at their (mutual) focal position. The coordinate system
(ro ry) = (fAcsy, fAcS)) denotes physical space in the diffraction plane,
related to the spatial frequency coordinates (s, s,) by the effective
focal length f of the microscope and the electron wavelength A.. The
physical coordinate along the electron beam axis is denoted r.. In the
non-relativistic case, the phase shift of the electron is given by ref. 15

ad, [
nory=gos [ ECor,rRdr, @

where a is the fine structure constant, # is the reduced Planck con-
stant, w is the angular frequency of the laser, and A, is the electron
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wavelength. That is, the phase shift 1 is proportional to the integral
through the laser intensity along the propagation axis of the electron
beam. With the electron beam aligned to the focus and antinode of the
SLPP, the unscattered electron beam is phase-shifted by

2«
Nspp(0,0)= ﬁm/leAlNAP' €

where N, =A/mw, is the numerical aperture of the cavity mode and Pis
the circulating laser power'.

At the accelerating voltages typically employed in cryo-EM (200-
300 kV), the relativistic effects in the laser-electron interaction must be
taken into account. In general, Equation (2) is then no longer valid (see
Suppl. Note 1). For a SLPP, the modulation depth of the phase shift
along the standing wave axis becomes polarization-dependent. In the
special case of a horizontally-polarized LPP, however, Equations (2)
and (3) remain valid and the maximum phase shift is still achieved at
the central antinode®.

In the XLPP, the electric fields of the two laser beams add coher-
ently, which will in general give rise to interference effects. In Suppl.
Note 2, we show that interfering, vertically-polarized XLPP lasers can
sharpen the phase profile for accelerating voltages up to about 100 kV,
and thus lead to a lower cut-on frequency. However, at high accel-
erating voltages the most favorable phase plate is obtained from two
non-interfering, horizontally-polarized laser beams. This is the special
case, illustrated in Fig. 1a, which we will consider throughout the main
text of this paper. In this case, Equation (3) remains valid, so that the
total phase shift of the unscattered beam is simply

2 a
Nxep(0,0) =4/ FW/IeAINA (P *Py), “)

where Py, are the circulating powers of the two standing waves. The
phase shift profiles created by the SLPP and XLPP are shown in
Fig. 1b, c.

Contrast transfer function

The structural information contained in the transmitted electron beam
is converted into detectable amplitude modulation of the electron
beam by the imaging process. Each spatial frequency s = (s, s,) of
electrons scattered in the object plane passes through a point in the
diffraction plane. For weak-phase objects such as biomolecules, a
suitable mathematical description of the imaging process in the spatial
frequency domain is the contrast transfer function (CTF) of the
microscope, given by (Suppl. Note 5)

CTF(s)=E(s) sin[x(s) — x(0) — k], &)

where y is the total phase aberration and « is the contribution from
amplitude contrast, which is assumed to be independent of s?**. The
term E(s) comprises envelope functions which attenuate the CTF (e.g.,
due to partial coherence), but because LPPs do not require any
materials to be close to the imaging electrons in the diffraction plane,
they do not appreciably attenuate the envelope®. The phase shift due
to the laser beam(s) adds with the usual phase aberration function
(from the microscope lenses) such that

2 (1 1
X)= T <§ZA§|5|2 + ch/l:|5|4> +1(s), (6)
(4

where Zis the defocus and C; is the coefficient of spherical aberration.
For simplicity, other common phase aberrations such as astigmatism
and coma, which are typically small in experiment and can be
accounted for during data processing, are omitted in this paper.

We note that x(0) = n(0), the phase shift imparted to the unscat-
tered electron beam solely by the LPP. This means that, in the absence
of a phase plate, defocus and spherical aberration are needed to pro-
vide appreciable contrast for weak-phase objects. However, in the
presence of a phase plate the optimal imaging condition is Z= C; = 0.
The azimuthal average of the modulus of the CTF is shown in Fig. 1d for
the SLPP and XLPP in this “in-focus,” (spherical) aberration-corrected
imaging configuration. The lack of CTF oscillations at high spatial
frequencies when imaging in-focus results in a doubling of the overall
spectral power relative to imaging with defocus. We emphasize that
the improvement comes from removing CTF oscillations and not from
enhancing the coherence envelope®. This is illustrated in Suppl. Note 3
by comparing to a more typical condition of Z= -1 um and without C,-
correction.

The more closely the phase shift 7 can approximate an ideal
Zernike phase plate, which phase-shifts only the unscattered beam at
the origin of the diffraction plane, the greater the overall information
content of the micrograph (when imaging in-focus). The CTF of a LPP
falls short of the ideal CTF of unity in two important ways, which we
will now consider.

The finite spatial extent of the antinode of a laser standing wave
defines a region in the diffraction plane in which the scattered electron
beam receives a similar phase shift to that of the unscattered electron
beam, and therefore has a low value of the CTF. This results in two cut-
on frequencies characteristic of the LPP, above which the CTF is sig-
nificantly increased.

The first cut-on frequency is defined as the spatial frequency at
which the azimuthal average of |CTF(s)|* first reaches 0.5. This
approximately corresponds to the lowest spatial frequency which
passes through a laser node, which is given by

_A/4
Sl_ﬂe .

@)

Although the phase profile of the LPP is not azimuthally-symmetric,
Fig. 1d demonstrates that contrast increases significantly where |s| > s;.

A second cut-on frequency of the LPP is defined by the spatial
frequency at which the azimuthal average of |CTF(s)|? first reaches 0.8.
This approximately corresponds to the spatial frequency which is
located at a distance from the unscattered beam equal to the waist
wo = A/(N,) of the laser standing wave,

_A/@Ny)
$,= 71%8 . ®)
The spatial frequencies s; and s, are illustrated in Fig. 1b (purple
circles). Apart from those which coincide with the streak(s) of laser
light in the diffraction plane, spatial frequencies with |s| > s, experience
no phase modulation and are thus imaged with maximum phase
contrast (under the in-focus condition), as seen in Fig. 1d. Weak
oscillations of |[CTF(s)| in the region s; < |s| < s, are observed due to the
azimuthal average featuring some spatial frequencies which are phase-
shifted by the laser light. Equations (7) and (8) highlight that, theore-
tically, only four parameters determine the appearance of a laser stripe
in the CTF, namely {f, A., N4, A}. While the first two are predetermined
by the microscope, we show below that the XLPP supports superior
values of N, and A, to the SLPP, leading to CTF improvements (Fig. 2).
A striking feature of a LPP is the grating-like structure of a laser
standing wave, which causes Kapitza-Dirac diffraction of the electron
beam'. This diffraction produces “ghost images" which are spaced
by a distance corresponding to

_ S
=37 )
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Fig. 2 | Improvements of signal power. a, b Dependence of the square modulus of
the CTF, proportional to the power spectral density, on (a) numerical aperture N4
and (b) laser wavelength A, for a XLPP. In (a), a fixed value of A, =1064 nm is used. In
(b), a fixed value of N, = 0.05 is used. Dashed vertical lines indicate the values of s,

in (a) and both s; and s, in (b). Additional calculation parameters are provided in
Suppl. Table 1. For the condition plotted in red in both panels, s; = 9.6 x 10*/A and
5, =24 x10YA.

in the specimen plane along the axis of the laser stripe, as illustrated in
Fig. 1e, f. This distance is inversely proportional to the period of the
laser intensity pattern. Although ghost images are faint compared to
the main ("zeroth-order diffraction") image, they represent unwanted
delocalization of signal over large spatial scales. Similarly to how lower
defocus values are sought in standard (defocus-based) cryo-EM to
reduce delocalization of signal®, large d,, leads to loss of information
when ghosts are diffracted beyond the detector and increased noise
when ghosts from illuminated objects beyond the field of view diffract
onto the detector. In the presence of strong-phase objects or
complicated fields of view, ghost images may decrease the interpret-
ability of micrographs.

Further implications of ghost images depend somewhat on the
imaging modality. In single-particle cryo-EM, if the main image of
one particle is cropped ("picked") out of a micrograph using a box
of length L, then if L < 2d,, the information contained in the parti-
cle’s ghost images is discarded during data processing. Addition-
ally, ghost images from other nearby particles may be present in the
box, resulting in increased background in the box. Requiring
instead that L > 2d, retains the delocalized information about the
particle but reduces the useful area of the micrograph from which
main images can be picked. In either case, ghost images from
neighboring particles will average out over a data set and not pro-
duce systematic bias in the final reconstruction. On the other hand,
when a unique volume is to be reconstructed via tilt series, such as
in cryo-electron tomography (cryo-ET), ghost images play a dif-
ferent role. Over the course of a tilt series, objects are expected to
move along a circular trajectory about the tilt axis, but ghosts move
together with their main images. Failure to account for this will
produce artifacts in reconstructed tomograms, but distinguishing
main images from ghost images in a large, noisy field of view is
nontrivial.

Evidently, suppression of ghosts is a priority in improving
imaging with a LPP. It can be accomplished by reducing the intensity
of the standing wave, but this must not be done at the expense of
sufficient phase shift of the unscattered beam, which is the source of
the overall contrast enhancement. It has also been shown that ghost
images created by a SLPP can be totally eliminated by setting the
laser polarization to the “relativistic reversal angle” (RRA) but this
comes at the expense of substantial loss of low-spatial-frequency
contrast since the CTF remains near zero for all spatial frequencies
below s,%. In the XLPP, interference of the two laser beams prevents
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Fig. 3 | Ghost suppression by the XLPP. a, b Simulated noiseless main images (a)
and first-order ghost images (b) of apoferritin. Color scale ranges from 0.08 (black)
to 1.1 (white) in all panels and each panel side length is 250 A. Phase plate and
numerical aperture N, are indicated at the top of each column. Arrows point to the
light “halo” around the main image, which is reduced from left to right in the top
row. ¢ Power spectral densities (PSDs) of main images (solid) and first-order ghost
images (dashed). Line colors in (c) correspond to panel border colors in (a, b). PSD
of the object is shown in (c) as a gray line indicated by an arrow. It closely follows
the other solid lines, departing near 1/(1 A) due to signal attenuation by the CTF
envelope.

total elimination of the ghost images even when operating at the
RRA (Suppl. Note 1). This configuration yields some favorable ima-
ging properties which are explored further in Suppl. Note 2. How-
ever, throughout this paper we consider a XLPP with horizontally-
polarized laser beams. We demonstrate how this XLPP suppresses
ghosts relative to the SLPP without relativistic reversal (Fig. 3) and
enables substantial ghost suppression using a two-image acquisition
scheme (Fig. 4).
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Fig. 4 | Two-image scheme for ghost suppression. a Zoomed-in XLPP phase shift
n(s) showing the location of the unscattered beam for the two images in the two-
image sequence, with the color scale ranging zero (white) to  (black). b, ¢ The first
and second image, respectively. d The average of the two images. Color scale in
(b-d) is [0.46 (black), 1.06 (white)] and field of view is 1565 A along each side.

e Ratio of the power spectral densities (PSDs) of a first-order ghost image and the
main image for the case of a SLPP, XLPP, and the two-image result from panel (d).
f, g Line scans along the horizontal through the main image (f) and first-order ghost
image (g) for the three different cases plotted in (e).

Benefits of crossed laser phase plates

As shown in Equation (8), increasing N, improves the second cut-on
frequency, s,. This results in a boost in the signal power at spatial
frequencies just below s,, as shown in Fig. 2a. The spatial scale
551~ 50 A for N,; = 0.05 is comparable to the dimensions of typical
cryo-EM targets (e.g., apoferritin radius of 65 A). As such, information
gathered at intermediate spatial frequencies near this value is impor-
tant for detection of proteins and discrimination of their poses and
conformational states® >,

Increasing N, entails focusing the laser more tightly, which is
accomplished by bringing the cavity closer to concentricity by separ-
ating the two cavity mirrors’. In the near-concentric limit,
N,=QA?/m?RA)’", where Ais the distance to concentricity and R is the
mirror radius of curvature. As A is decreased, the cavity mode becomes
more sensitive to misalignment because its angular deflection upon
physical disturbance is magnified. The high light intensity in the cavity
also leads to significant heating of the cavity body by scattered light, as
well as thermoelastic deformation of the mirror surfaces. These phe-
nomena further exacerbate the effects of misalignments and make
locking the cavity more challenging®®. In the SLPP, the N, has therefore
been limited to ~0.05. With R = 10 mm, this entails a distance to con-
centricity of only 3.7 um. In the XLPP, however, the circulating power
required in each cavity to achieve a J total phase shift is halved (in the
non-interfering case considered here), as shown in Equation (4). This
correspondingly reduces heating of each cavity and thermoelastic
deformation of each mirror. We also note that since the phase shift is
proportional to N4(P, + P) (Equation (4)), increasing N, further redu-
ces the required power in each cavity of the XLPP. Operation of the
XLPP at N, = 0.08 thus requires only 31% of the power in each cavity

that is needed for a SLPP with N4 = 0.05. Preliminary experiments
suggest that this reduction in the circulating power should enable an
increase of N4 to ~0.08 in a XLPP.

A comparison between the SLPP and XLPP is shown in Fig. le, f
using simulated images of an isolated protein. The combined effects of
lowering the intensity of each laser standing wave and increasing the
N4 t0 0.08 can be seen. In particular, the contrast of the ghost images is
significantly reduced. The enhancement of larger-scale features such
as one might see in an electron tomogram of cellular samples is
expected to become increasingly pronounced as the spatial scale 531 is
increased (see Fig. 1d).

Reaching even higher N, than 0.08 further improves the CTF, as
shown in Fig. 2a. Figure 3 also shows that as N, of the XLPP is increased,
ghost images become further suppressed and the “halo" seen around
the main images of particles fades. Reaching the very high values of N4
shown in these figures likely requires modification of the mirror
design, which is considered in the Discussion.

Both cut-on frequencies of the LPP are decreased by decreasing
the laser wavelength A, resulting in significant gains in low-frequency
information as shown in Fig. 2b. Benefits to the decrease of s, were
summarized in the previous section. Increasing the signal power at
very low spatial frequencies improves the contrast of large-scale
(~s71) features, thereby improving the interpretability of micrographs
containing complex biological environments and the contrast of large
macromolecular assemblies. This is of especially high interest in
cryo-ET.

Decreasing A; requires some experimental considerations. The
scattering loss from mirror surface roughness scales as /1[235, while the
power requirement for a LPP scales as )l,’1 (see Equation (3)). Thus, a
twofold reduction in A, results in an eightfold increase in the heat load
on a LPP and doubles the required circulating power. Thermoelastic
deformation, which increases linearly with circulating power, is then
exacerbated. By spreading the light over more cavity mirrors, the XLPP
improves the viability of a A; decrease relative to the SLPP. However,
lower-wavelength operation places increasingly stringent demands on
the cavity mirrors. In the Discussion, we outline the most important
practical aspects of deceasing A,

Ghost suppression is a key motivation behind the investigation
and development of the XLPP. The use of two lasers, each providing
half the total phase shift, suppresses the ghost image artifacts relative
to a SLPP, even for a fixed N,. This is illustrated in Fig. 3 using noiseless
simulations of an isolated, solvated®® protein (apoferritin, PDB 6z6u*’)
imaged with a SLPP or XLPP (see Supplementary Table 1 and ref. 9).
Due to diffraction along two axes by a XLPP, there are more ghosts in
total when using a XLPP, but suppression of their contrast means they
will fade further into the background when noise is considered
(compare Fig. 1e, ). The contrast of first-order ghosts (dashed boxes) is
suppressed by the XLPP by a factor of roughly 2-3 relative to the SLPP
even when both have N, = 0.05, whereas the contrast of the main
image is essentially equal between the two cases. Higher-order ghosts
are created by both the SLPP and XLPP, but they are very faint and can
rarely be observed experimentally, even when imaging strongly-
scattering objects such as gold beads. Figure 3 shows that as N, is
increased, ghost suppression is substantial and occurs in a spatial-
frequency-dependent manner. This is because tighter focusing of the
laser causes a more rapid decay of light intensity away from the focus
and decreases the laser beam waist, wo. The main image is nearly
unaffected, although the subtle “halo" artifact** seen around the pro-
tein (indicated by arrows in Fig. 3) is suppressed by the narrowing
of wp.

The XLPP enables more sophisticated acquisition schemes that
can further suppress ghosts. For example, by slightly shifting the
electron diffraction pattern relative to the laser beam between two
successive exposures as shown in Fig. 4a, two images can be acquired
that invert the ghost contrast almost perfectly. The first image is
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acquired with the unscattered beam in the antinode of one LPP but the
node of the other, and the second is acquired in the opposite config-
uration. After averaging the two images, although the contrast of the
main image is slightly lower than in the SLPP and XLPP cases con-
sidered (Fig. 4f), the ghost contrast is suppressed by a factor of -20
relative to the XLPP under normal operation (aligned to the antinode)
(Fig. 4g). Figure 4e shows the ratio of power spectral densities (PSDs)
between the ghosts and main images for the three different methods.
This two-image approach to ghost suppression only requires deflec-
tions of the electron beam by -20 urad, which can be easily imple-
mented with electron beam deflectors, analogously to the way the
SLPP and electron beam are currently aligned in experiments*. To
account for changes in the specimen due to beam-induced motion and
radiation damage, the unscattered beam can be switched between the
two positions in successive movie frames. We note that this two-image
approach to ghost suppression also works for extended objects (larger
than 2d,), provided that their phase and amplitude modulation of the
electron wave are approximately proportional, as assumed in cryo-EM
(see Suppl. Note 5). Furthermore, this two-image scheme is only a
simple case of a much more general class of imaging techniques uti-
lizing phase diversity. Removal of aberrations, as well as recovery of
complex (as opposed to real, as typically assumed in cryo-EM) scat-
tering potentials via exit wave reconstruction, are two motivations for
developing electron phase-shifting optics like the XLPP. Such optics
like the one described here enable more sophisticated patterning of
the electron phase across multiple exposures to extract different types
of information about the specimen®,

Prototype crossed laser phase plate
A prototype XLPP design that has been constructed at Biohub is shown
in Fig. 5a. Using the successful SLPP design as a starting point'®?, this
prototype uses the same laser wavelength and mirror geometry. As a
result, this XLPP occupies a larger volume within the microscope column
than the SLPP. To accommodate this, Thermo Fisher Scientific designed
several different microscope layouts in which the diffraction plane is
accessible via a rectangular port sized 27 mm x 51 mm. This is larger than
the port available for previous SLPP work (diameter 25 mm, circular).
After the XLPP was installed inside the microscope, its two laser
beams were visualized in a Ronchigram image'” shown in Fig. 5b. By
design, the two beams are offset along the electron-optical axis by

Fig. 5 | Prototype XLPP. a Section through a model of a prototype XLPP showing
the two laser cavities, each consisting of two mirrors (red), integrated into a single
mount. The laser beams (not shown) cross within the bore in the center of the
mount. The electron beam (not shown) propagates through the bore, along ¥, (into
the page). Flat mirrors (gray) steer the two laser beams into and out of the XLPP.
b Experimental Ronchigram image of the two intersecting standing waves in the
XLPP, each with a circulating power of ~14 kW. Inset shows the central region,
indicated by the blue box, rotated slightly for comparison to Fig. 1c.

100 um to avoid possible interference effects in this first prototype.
Since the laser beams are still approximately within the Rayleigh range
of the unscattered beam in the diffraction plane, they appear coplanar,
and the CTF should be the same as predicted in this paper. Although
the cavities share a mount, using two flexures and two laser systems
allows the cavities to be stabilized independently. To avoid damaging
the cavity mirrors, of which there was a limited supply, this prototype
was only tested up to a circulating power of -14 kW (per cavity), below
the circulating power at which we have previously observed laser-
induced damage to mirrors in the SLPP. This underscores the value of
reducing the required circulating power, which will likely relax man-
ufacturing requirements for the cavity mirrors.

Discussion

In this paper, we have used simulations and theory to propose and
explore a laser phase plate design based on crossed laser cavities,
termed the XLPP. We have shown that the XLPP addresses several lim-
itations of the SLPP. By using a pair of optical cavities, the XLPP enables
the laser power to be distributed across two standing waves, thus
reducing the heat load on each individual cavity. As a result, the XLPP
can provide superior cut-on frequencies by operating at higher
numerical aperture or lower laser wavelength. Propagation of the elec-
tron beam through a laser standing wave also causes Kapitza-Dirac dif-
fraction, which produces “ghost” images that delocalize signal electrons
over large distances and effectively lead to increased structural noise.
We have shown that by allowing lower-power operation of each stand-
ing wave, the XLPP suppresses ghost image intensity. We have char-
acterized the behavior of ghost suppression as N, is increased and also
proposed a simple acquisition scheme that further suppresses ghosts,
achieving a dramatic reduction of their intensity in composite images.
Finally, we have presented a prototype which shows that significant
strides toward a XLPP can be made by adapting cavity parameters from
the SLPP to a larger mount that is still compatible with realistic micro-
scope designs for high-resolution transmission electron microscopy.

As discussed above, improvements in N, and A; are generally
advantageous in terms of the imaging properties of the LPP, and
introducing a second cavity in the XLPP affords improvements in
either. To realize XLPP operation at very large N, (> 0.08) or very small
A; (<532 nm), however, some more adventurous modifications to the
XLPP design will be needed.

To enhance N,, the thermoelastic deformation of the cavity mir-
rors can be further reduced by choosing a different bulk material.
Mirrors used in current SLPPs are made of ultra-low expansion glass
(ULE Corning Code 7972), the coefficient of thermal expansion (CTE)
of which has a zero-crossing just below 300 K. Since the cavity cur-
rently operates at a cavity body temperature of -315 K, the related glass
ULE Corning Code 7973, which can have a slightly higher CTE, may be a
good drop-in replacement. Other candidate materials such as sap-
phire, silicon, and diamond, can be considered for their favorable CTE
and thermal conductivity, but their different transmission spectra,
operating temperatures near zero CTE, and surface polishing limita-
tions place other constraints on cavity design. As the cavity is brought
closer to concentricity, its increasing sensitivity to mechanical mis-
alignment also motivates the development of alternative resonator
designs, based on more than two optical components, which are more
robust to misalignment**%, Decreasing the mirror radius of curvature
from its current value of 10 mm is another route to higher N, opera-
tion, but this has not yet been achieved for pitch-polished mirrors with
smaller R without compromising the mirror surface roughness, which
is kept to <1A (rms) to minimize scattering losses. Alternative mirror
fabrication approaches may be needed*.

In practice, decreasing A; from its current value of 1064 nm is
somewhat more involved than increasing N,. First, a suitable high-power,
narrow-linewidth laser with the chosen wavelength must be available for
cavity locking. The SLPP cavity linewidth is ~200 kHz, so a laser with 3
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kHz free-running linewidth is used', with a total power of ~12W at the
cavity input. Second, the increased circulating power linearly increases
thermoelastic deformation, so alternative mirror substrates should be
considered, as above. At the same time, increased scattering (o ;)
warrants special attention to mirror surface roughness. Finally, con-
taminants and defects in the mirror coating become increasingly prone
to (irreversible) laser-induced damage at higher intensities and lower
wavelengths. Low-loss mirror coatings have been reported at 532 nm*
and defect reduction may be possible®. Fortunately, in our experience
mirrors that have once withstood a certain intensity can survive indefi-
nitely in a high-power cavity in the microscope column, so only a small
inventory of high-quality mirrors is needed.

Equations (7) and (8) illustrate that an increase in N, or decrease in
A; also enables future microscope designs to have shorter effective
focal length, f, without reducing the cut-on frequency. This bears the
advantage that aberration coefficients generally increase with
increasing f, so the trade-off between de-magnifying the phase plate
and increasing C. and C; should be evaluated when designing a new
phase-contrast TEM instrument. The parameters chosen in this paper
(Supplementary Table 1) reflect the microscope configuration cur-
rently in operation at UC Berkeley.

In this paper, we have so far assumed that the two laser beams
are perfectly co-planar with the diffraction plane and that their
relative phase Q (see Suppl. Note 1) is tightly controlled. In this
important respect, choosing to operate the XLPP using horizontally-
polarized laser beams simplifies these design constraints con-
siderably. Because the horizontally- (and therefore orthogonally-)
polarized beams will not interfere, they need not be exactly over-
lapped along the optical axis, nor have Q stabilized. In fact, hor-
izontal displacement of one (or both) of the laser beams by as much
as their Rayleigh range, or vertical displacement by -100 um (com-
parable to the Rayleigh range of the unscattered electron beam) has
only a modest effect on the phase pattern imparted by the LPP, so
mechanical alignment tolerances are relaxed compared to the
interfering case. This is already observed with the prototype pre-
sented here (Fig. 5b). A further advantage is that the horizontally-
polarized optical field produces a Z rad peak phase shift of the
electron beam using -20% less circulating laser power (for an accel-
erating voltage of 300 kV) than if the lasers are polarized vertically or
at the RRA. There are, however, benefits to non-horizontal polariza-
tion (see Suppl. Note 2) which may be considered sufficient to
undertake the more challenging construction of an XLPP with over-
lapped and interfering beams in the future.

In summary, in this paper we have shown that, by splitting the
laser power between two cavities, the XLPP reduces ghost image
intensity and relaxes optomechanical design constraints relative to
the SLPP. We have shown how this configuration can be harnessed
for further improvements in imaging properties and presented an
experimental prototype in a modern microscope. In addition to
advancing the capabilities of phase-contrast cryo-EM as character-
ized in this paper, development of the XLPP will broaden the para-
meter space of phase plates available to electron microscopy,
enabling advanced imaging schemes as well as providing a wider
range of tools to the research community for coherent electron
beam manipulation??%3%46,

Data availability

The simulated apoferritin exit wave and associated image simulation
and analysis code used for generating the figures are available on Code
Ocean®.
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