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Optical Funnel to Guide and Focus Virus Particles for X-Ray Diffractive Imaging
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Photophoretic forces are induced when light causes a net momentum exchange between a particle and
a surrounding gas. Such forces have been shown to be a robust means for trapping and guiding particles
in air over long distances. Here, we apply the concept of an optical funnel for the delivery of bioparticles
to the focus of an x-ray free-electron laser (XFEL) for femtosecond x-ray diffractive imaging. We provide
the experimental demonstration of transversely compressing a high-speed beam of aerosolized viruses
via photophoretic forces in a low-pressure gas environment. Relative temperature gradients induced on
the viruses by the laser are estimated via particle-velocimetry measurements. The results demonstrate the
potential for an optical funnel to improve particle-delivery efficiency in XFEL imaging and spectroscopy.
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I. INTRODUCTION

X-ray free-electron laser (XFEL) facilities have the
potential to enable atomic resolution images of
biomolecules at physiological temperatures and with time
resolution in the femtosecond regime [1,2]. Since 2009,
the serial femtosecond crystallography (SFX) method has
yielded nearly 500 protein-structure entries in the pro-
tein data bank, many of which are from dynamic systems
and are time sequenced with time steps down to 100 fs
[3–5]. Single-particle imaging (SPI) aims to extend XFEL
imaging to include isolated noncrystallized biomolecules,
which would allow the observation of functional molecu-
lar motions that may otherwise be hindered in the crystal
environment. With the high data-collection rates possible
at XFEL facilities [6] combined with the rapid shock-
freeze method [7], SPI might enable the detection of rare
intermediate states.

The most significant present-day challenge in SPI is the
production of high-density nanoparticle beams that can be
directed to an x-ray beam of diameter 100–1000 nm in a
low-pressure environment [8–12]. Nearly all SPI exper-
iments have utilized aerodynamic focusing injectors for
particle delivery [13–15]. Such injectors are well devel-
oped and can generate particle beams with diameters on
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the order of 10 μm [10,12,16,17] but the fraction of x-
ray pulses that intercept a biomolecule still remains at less
than 0.1 %, for a 100-nm x-ray focus. At this rate, roughly
one day of continuous data collection at a 10-kHz detector
frame rate would be needed for a full atomic resolution
data set consisting of approximately 106 diffraction pat-
terns. For these reasons, we consider optical forces as a
means to increase the target precision and density of SPI
injection systems [18–22].

Previously, we have proposed and investigated an “opti-
cal funnel” that uses a focused hollow-core optical vortex
beam to guide particles into a tight focus [23,24]. Our
design utilizes a laser that counterpropagates against the
particle beam to increase the particle density both by slow-
ing the particles as well as by forcing them closer to
the beam axis. The inclusion of a surrounding gas acti-
vates photophoretic forces, caused by light absorption and
subsequent momentum exchange with gas molecules. Pho-
tophoretic forces may be larger than optical scattering or
gradient forces by orders of magnitude [19,24,25]. The
effectiveness of this optical-funnel scheme is complicated
by a number of factors, including the optical and thermal
properties of the particles, heating and radiation dam-
age, x-ray scattering background caused by the gas, and
the three-dimensional profile of the optical beam. While
many questions remain, the basic feasibility of the optical-
funnel concept has been supported by our preliminary
simulation and experimental study, in which photophoretic
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FIG. 1. The basic experimental setup for aerosol particle-beam imaging and focusing.

forces have been directly measured by counterbalancing
microparticles against the gravitational force [23,24,26].
Our previous efforts to demonstrate an optical funnel on
high-speed particle beams have yielded clear evidence of
strong photophoretic forces but no evidence of particle-
beam compression, which may have been due to the rapid
divergence of the optical beam and limited laser-particle
interaction length.

In this paper, we demonstrate particle-beam com-
pression with an optical funnel constructed from a
low-divergence hollow-core first-order Bessel beam that
extends the particle-laser interaction length by a factor
of up to 1000 as compared with a Gaussian beam. The
basic experimental setup, shown in Fig. 1, consists of
assemblies for optical-funnel beam shaping, aerosolized-
particle-beam formation, and high-speed optical imaging.

II. OPTICAL FUNNEL

The optical-funnel profile is achieved by forming a first-
order quasi-Bessel beam with a spiral phase plate and
an axicon lens and then reimaging the beam inside the
chamber with a demagnifying collimator [24,27,28]. The
resulting beam changes its size due to the continuously
changing magnification along the propagation direction (z
axis), as shown in Fig. 2. Since optimization of the optical-
funnel geometry for guiding a particular stream of particles
is a multiparameter task, we carry out simulations based
on Fourier optics [29], modifying the results of Brzobo-
haty et al. [30] and verifying the results using analytical
expressions [31], as discussed in detail in the Supplemental
Material [32], Sec. S-I. Figure 2 shows a comparison of the
experimental laser-beam profiles along with the numerical
simulations [33]. For this comparison, we form an optical
funnel with a 532-nm cw Gaussian beam with an output

waist w0 = 1.4 mm, which is converted to a first-order
Laguerre-Gaussian vortex beam with topological charge
l = 1 using a 16-step phase plate. The Bessel beam is
formed using an axicon with a wedge angle α0 = 0.5◦.
The beam is reimaged by a demagnifying collimator with
f1 = 200 mm and f2 = 20 mm. The formation of this beam
is illustrated in Fig. S1 in the Supplemental Material [32].
The resulting optical funnel has a minimum peak-to-peak
diameter of 7.5 μm and an angle of divergence in the first
bright ring of approximately 1.3 × 10−3 rad.

We direct this optical funnel into a small chamber
where we prepare a counterpropagating particle beam in
a low-pressure (0.4–0.9 mbar) helium gas environment as
shown in Fig. 1. Samples of 265 × 265 × 445 nm3 Cydia
pomonella granulovirus capsid particles [34] or 2 μm
fluorescent polystyrene spheres are aerosolized with a
gas-dynamic virtual nozzle [35,36] at approximately atmo-
spheric pressure and subsequently drawn through a gas
nozzle and/or skimmer stage [16,37,38] in order to con-
trol the gas pressure. A collimated beam of particles is
ejected from a 2-mm-inner-diameter capillary. The parti-
cles have speeds in the range of 2–20 m/s, depending on the
gas differential pressures. The particle-laser interactions
are observed by pulsed-laser Rayleigh-scattering imag-
ing, which localizes the coordinates of individual particles
[11,12,16].

III. PARTICLE-BEAM COMPRESSION

A. Particle trajectories

Figure 3(a) shows raw Rayleigh-scattering images of
granulovirus particles exposed to a 0.5-W optical fun-
nel at 0.99-mbar pressure. The particles are illuminated
by 637-nm 100-ns laser flashes repeating at 25 kHz and
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FIG. 2. The slow-diverging optical funnel formed by demagnifying a quasi-Bessel beam with a Keplerian collimator. (a) The sim-
ulated optical funnel: the distances are from the maximum-intensity position. (b) A comparison between the experimental intensity
profile and a calculated profile in the first ring of the funnel at a total laser power of 1 W. The solid line describes a perfect axicon,
whereas the shaded area between the dashed lines indicates the intensity profiles for imperfect axicons with a radius of curvature within
the range from 1 m to 2 m of the front face on the axicon. (c) Beam profiles at various cross sections of the optical funnel: the top
row shows simulation results, while the bottom row displays the measured profiles. (d) The optical-funnel profile generated by time
integrating air scattering in the beam path. The laser beam propagates from left to right toward the particle nozzle.

the scattered light is imaged by a camera. Stroboscopic
exposures of the same particle appear in one camera
frame, which allows us to calculate the velocities and
accelerations from the particle centroid positions [39], as

shown in Figs. 3(b)–3(e). The optical beam propagates in
the +z direction. Based on the observed accelerations of
2 − 10 × 103 m/s2 in Figs. 3(b)–3(e), along with an
estimated granulovirus mass of 2.2 × 10−14 g calculated
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FIG. 3. Granulovirus trajectories recorded with 25-kHz illumination and 0.99-mbar chamber gas pressure. (a) Background-corrected
raw images showing particle trajectories in a 2.0-W optical funnel. (b) Centroid positions of a single granulovirus particle trajectory
in a 0.5-W optical funnel. The optical axis of the optical funnel is indicated by the dashed red line. (c) Calculated x (blue) and z (red)
positions, velocities, and accelerations based on particle centroids in (b).

from the GV density 1.4 g/cm3 [40], we estimate forces of
0.044–0.22 pN. Particle trajectories in which the viruses
dramatically change direction [as seen in Fig. 3(a)] are
never observed in the absence of the optical funnel.

Figure 4(a) shows particle-density maps formed from
Rayleigh-scattering images with 527-nm-illumination
laser flashes reduced to 1 kHz to avoid overlapping particle
images. Figure 4(a) shows the effect of a 0.5-W optical fun-
nel on the granulovirus particle beam at 0.4 mbar pressure.
The top and bottom density maps compare the densities
when the laser is off and on, respectively, while Fig. 4(b)
shows plots of the transverse profiles of the particle beams
averaged over the z = 0.5 ± 0.1 mm region. Lorentzian
fits to these profiles show that the optical funnel induces
an approximately threefold increase in peak particle den-
sity, while the particle-beam full width at half maximum
(FWHM) reduces by a factor of 2. Figure 4(c) shows den-
sity maps of 2-μm-diameter polystyrene particle beams at
0.5 mbar chamber pressure, at laser powers of 0 W, 2.5
W, and 5.0 W. The focus of the optical funnel is located
at the position x = z = 0, outside the field of view of the
images. The radial profiles of the particle beams, aver-
aged over z = [2.4, 2.6] mm, are plotted in Fig. 4(d). The
Lorentzian fits show that the optical funnel causes the peak
particle densities to increase by factors of approximately 3
and 5 for 2.5 W and 5 W laser powers, respectively. Further

details on the measurement conditions are listed in Fig. S4
and Table S1 in the Supplementary Material [32].

In our observations, laser powers of 0.5 W and above
result in obvious changes to the particle trajectories. The
particle-beam compression effect does not confine the
particles to the dark 7.5-μm core of the optical funnel
as desired; the particle-beam density increases within a
broader approximately 150-μm-diameter region, which
may be due to the similarly broad initial beam. This could
be improved by better matching the phase-space emittance
of the particle beam and the acceptance of the optical fun-
nel [7,17]. Along with the transverse compression effect,
we also observe increases in the particle-beam density at
progressively larger z values (closer to the nozzle) as the
laser power is increased. Figure 5 shows the transverse (x)
profiles of polystyrene particle-beam densities at z = 5.5
mm from the optical-funnel focus for five different laser
powers, along with corresponding profiles for a range of
z values between 5.2 mm and 7.2 mm. The observed z
dependence of the particle density suggests that signifi-
cant particle-laser interactions begin before particles reach
the laser focus. As the particles slow down, they interact
with the laser beam for longer durations and with suffi-
cient laser power the particles begin to stop completely and
reverse direction, as shown in Fig. S4 in the Supplemental
Material [32].
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FIG. 4. The focusing of granulovirus particles at 0.4-mbar chamber pressure and 2-μm-diameter polystyrene particles at 0.5-mbar
chamber pressure. (a) Granulovirus particle areal-density maps with the laser off (top) and in the presence of a 0.5-W optical funnel
(bottom). (b) The 2-μm-diameter polystyrene particle areal-density maps with the laser off (top) and in the presence of 2.5-W (middle)
and 5.0-W (bottom) optical-funnel illumination, respectively. The density maps in (a) and (b) are normalized to the peak density in the
respective laser-off conditions. (c) The Lorentzian fit to the areal particle densities in (a), averaged over the z = [0.4, 0.6] mm region.
(d) The Lorentzian fit to the areal particle density in (b), averaged over the z = [2.4, 2.6] mm region.

B. Temperature gradient

Based on our measured velocities and accelerations, we
can estimate the relative temperature gradient �T/T across
the particles. Since our measurements are made in the free
molecular flow regime, the photophoretic force may be
derived from gas-kinetic theory [25,41] and described by
the equation

Fpp = π

6
αPr2 �T

T
, (1)

where r ≈ 162 nm is the effective radius of a granulovirus
particle, P is the gas pressure, and α ≈ 1 is the thermal-
accommodation coefficient. The observed accelerations
are dominated by three forces: the photophoretic force
(�Fpp), optical scattering and absorption forces (�Fopt), and
the gas drag force (�Fd) [42]. As described in Sec. S-VII of

the Supplemental Material [32], we determine the velocity-
dependent drag force empirically by fitting a line to the
equation a = bv + c for our observed accelerations (a)
and velocities (v) with the laser turned off. Under the
conditions shown in Fig. 4, the values of the coefficients
are b = −810 s−1 and c = 43 m/s2. We expect the opti-
cal forces to be much lower than the maximum value
of Fopt

z ≈ πr2I/c ≈ 8.3 × 10−14 N, which corresponds to
full absorption at the peak intensity in the optical funnel
(I = 3.0 × 108 W/m2). For the trajectory shown in Figs.
4(b)–4(e), upon subtracting the gas drag force, the com-
bined photophoretic and optical force is 6.2 × 10−14 N,
which suggests that the photophoretic force is indeed dom-
inant, as also suggested by the fact that such curved trajec-
tories do not occur when the laser is turned off. The peak
acceleration corresponds to a relative temperature gradi-
ent of �T/T = 0.045 and �T � 13 K since T � 298 K.

044044-5



SALAH AWEL et al. PHYS. REV. APPLIED 17, 044044 (2022)

(a) (b)

FIG. 5. The increase of the 2-μm-diameter polystyrene particle number density at distances between 5.2 mm and 7.2 mm before the
optical-funnel focus, for laser powers between 0 W and 5 W. (a) The radial cross section of the particle-beam density at z = 5.5 mm
from the optical-funnel focus. (b) The axial cross section along the axis of the particle beams. These number densities are normalized
against the peak density with the laser off. The solid line represents the running average calculated over 12 successive points.

If we assume the thermal conductivity g of granulovirus to
be approximately the same as most polymers and protein-
based materials, g = 0.3 W/(m K), then the intensity of
heat transfer across the granulovirus at this temperature
difference is of order Iheat ≈ g�T/r ≈ 2.47 × 107 W/m2,
which is well below the typical threshold for radiation
damage.

IV. CONCLUSIONS

In summary, our observations show clear evidence for
the focusing of virus particles in a beam due to the
photophoretic force in a low-pressure helium gas in the
molecular-flow regime. We show that the density of the
virus beam can be increased by a factor of 3 when turning
on the optical funnel, which will proportionately reduce
the measurement time and the amount of sample needed to
perform x-ray diffraction measurements. The exact effects
of the optical funnel are complicated by the nonlinear
dynamics, which are sensitive to the initial particle-beam
phase-space density, the surrounding gas pressure and gas
velocity, the optical-funnel beam profile, and the precision
of the alignment of the optical axis to the particle-beam
axis. While it is clear that more detailed calculations
and experiments are needed in order to fully understand
and optimize an optical-funnel system, the results pre-
sented here clearly encourage further research. Based on
acceleration measurements, we estimate the relative tem-
perature gradient across the viruses, which is critical to
understand as overheating of biological targets is a con-
cern. However, future work that combines an optical
funnel with cold particle beams would help avoid the

potential of overheating while simultaneously enhancing
the magnitude of photophoretic force and greatly improv-
ing the aerodynamic focusing, especially when smaller
particles are used [7].
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