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Abstract: Digital light-in-flight (LIF) holography is an ultrafast imaging technique capable
of single-shot simultaneous 3D and femtosecond time resolution acquisitions of light pulse
propagation. However, the numerical diffraction algorithms used to model light on femtosecond
timescales are currently limited in scope, accuracy, and efficiency. We derive an analytical model
capable of modeling LIF hologram formation for various optical setup configurations, able to
model 3D objects and precisely account for the limited temporal coherence of the signal. We
design an efficient algorithmic implementation and validate the system in numerical simulations
and with an experimental LIF holographic recording setup. We report ultrafast numerical
diffraction over 10,000 times faster than the reference technique, with higher accuracy and
capable of modeling 3D samples, thereby broadening its application domain.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Real-time imaging of high-speed phenomena has brought significant advances across scientific
fields, allowing for modeling transient phenomena in physics, chemistry, and biology [1]. Mainly,
ultrafast phenomena in the range of picoseconds down to femtoseconds are essential to study
[2], such as atomic and molecular dynamics [3], material processing using femtosecond laser
fabrication [4], light-matter interactions [5] and the generation of laser-induced plasma [6].

The analysis of transient phenomena has been powered by high-speed camera technology,
which has made remarkable progress over the past several decades. Recent developments in
silicon-based image sensors, such as CMOS, have improved temporal resolutions to up to ∼107

frames per second (fps) in commercially available high-speed cameras such as the Kirana7M,
Shimadzu HPV-X2, and Phantom TMX-7510. Backside-illuminated multi-collection-gate (BSI
MCG) image sensors have achieved experimental imaging speeds of ∼108 fps [7]. Yet, capturing
light at even ∼10 ns per frame means that light will travel about ∼3 m over that time, precluding
its use in studying ultrafast dynamics, especially in microscopic objects.

Further increasing the framerate has been achieved with specialized illumination and post-
processing techniques. This has primarily been facilitated by ultrashort pulsed lasers, such as
in optical polarigraphy [8] and in stimulated Raman microscopy [9]. Moreover, the temporal
resolution can be further increased with, e.g., spectral encoding, streak cameras, and computational
techniques such as compressed sensing [10,11].

However, many ultrafast phenomena are nonrepeatable or challenging to reproduce, requiring
single-shot imaging. This eliminates many ultrafast imaging techniques relying on laser pulse
trains. Moreover, many applications require the acquisition of three-dimensional (3D) information.
That is why we mainly focus on light-in-flight (LIF) holography. The core idea of recording the
time coherence of pulsed lasers was pioneered by Staselko et. al. [12], followed by Abramson
being the first to propose optical light-in-flight holography [13]. It has enabled the sectioning
and visualization of various 3D objects [14] and flows [15]. The advent of CCD and CMOS
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sensors and powerful computers has enabled the use of digital LIF holography [16,17], bringing
all the benefits of conventional digital holography w.r.t. its analog counterpart. This technique
achieves one of the highest temporal resolutions with a single laser pulse, exceeding 1013 fps [1].

1.1. Digital LIF holography

The principle of LIF holography is shown in Fig. 1(a). It can be viewed as an extension of
conventional holography, with the main difference being that the light source is an ultrashort
pulsed laser rather than a continuous one. The emitted pulse is split into a reference pulse and an
object pulse; each widened by a beam expander. The reference pulse will directly illuminate the
recording material or device (i.e., digital camera sensor), while the object pulse will illuminate the
object to be recorded. In this diagram, the object is illuminated in transmission mode, which is
often preferred for transparent samples. Generally, the transparent object is a scattering medium
or has light scattering properties. The low temporal coherence of the laser pulse can be leveraged
to extract temporal information since interference fringes form only when light from the two
arms arrives (nearly) simultaneously at the recording device.

Fig. 1. Diagrams of digital LIF holography. (a) The setup schematic shows the main optical
setup components; (b) an illustration of the setup geometry with notational conventions.

A second significant difference is the oblique incidence angles for reference and object pulses,
denoted θR and θO in Fig. 1, respectively. This will cause the light pulses to progressively reach
the object and hologram planes in the lateral direction, shown to arrive from left to right along x in
Fig. 1. It results in a (near-)linear relationship between the incidence time and the lateral direction
of the recording material. After recording, the hologram signal can be processed by extracting
sub-holograms with a limited width along the x-axis. As the time is related to the x-position of
the window, a video can be generated by progressively reconstructing sub-holograms into video
frames for linearly increasing x positions of the window center.

The conditions for interference are illustrated in Fig. 1(b); the contribution of an object point
with coordinates (xO, yO, d) emitting a secondary light pulse will only meaningfully interfere
with the reference pulse if it satisfies [18]:

|xH sin θR − xO sin θO + d − r | ≲ cWth where r =
√︂
(xH − xD)2 + (yH − yD)2 + d2. (1)
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c is the speed of light in vacuum, and Wth is the temporal length of the pulse, typically characterized
by its full width at half maximum (FWHM). Note that Eq. (1) is not very rigorous; we will derive
a more precise expression in the following sections.

Digital LIF holography can fully reconstruct the wavefield of light, encoding 3D information.
Combining simultaneous 3D, single-shot, and ultrafast imaging makes LIF holography unique.
Despite these advantages, digital LIF holography faces challenges in accurately modeling and
reconstructing the recorded object due to the low coherence and spatiotemporal distortions
[19–21]. This limits the ability of the technique to achieve high accuracy and precision, largely
focusing on qualitative reconstructions. Because this is a signal processing problem, it could
potentially be resolved with specialized algorithms. A major requirement is adapted algorithms
to model ultrafast diffraction accurately and efficiently.

1.2. Contributions

Unfortunately, not many algorithmic solutions are available. Brute force simulations are too
computationally expensive to be practical; this is already the case for conventional holography
[22], but it is further exacerbated by including a time dimension. Recently, an FFT-based
simulation was proposed designed for modeling numerical diffraction in LIF holography [18];
however, this model only accounts for particular LIF holography setup configurations, does not
model the laser pulse shape, does not accurately account for the limited temporal coherence and
does not model the hologram formation process for 3D objects. This limits the accuracy and
applicability of the numerical simulation, potentially limiting understanding of the properties of
the recorded sample and introducing distortions [23].

The present study alleviates these limitations by proposing a new algorithm for computing the
LIF hologram formation process and reconstruction. Our specific contributions are as follows:

• We derive an analytical model extending the angular spectrum method (ASM) in time in
the context of LIF holography.

• We propose an efficient convolutional approximation for the LIF hologram formation
process in the frequency domain for any combination of reference and object pulse
incidence angles.

• We give a theoretical analysis of the chosen algorithm parameters, including how to
minimize the number of required samples.

• We generalize the temporal numerical diffraction framework to form LIF holograms of 3D
objects.

• The algorithm is validated in numerical simulations and with a LIF holographic setup.

The remainder of this paper is organized as follows: Section 2 gives a detailed analytical
derivation and algorithmic description of the newly proposed numerical diffraction model. In
Section 3, we test the accuracy and efficiency of our models for multiple 2D and 3D objects and
compare them with the reference technique. We finally conclude in Section 4.

2. Methodology

We introduce diffraction models for conventional (i.e., timeless) computer-generated holography
(CGH). We then extend these models for rapidly time-varying signals and propose a compact
3D signal representation encoding the wavefront bot in space and time. This model is then
applied for LIF holography, investigating the different cases θR = θO and θR ≠ θO, proposing
a computationally efficient convolutional approach. We finally detail how to more accurately
calculate the measured intensity on the recording device for LIF hologram formation.
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2.1. Numerical diffraction for conventional holography

Starting from the expression for a point-spread function (PSF) in conventional holography, a
point source with a complex-valued amplitude aj ∈ C and spatial coordinates (xj, yj, zj), which
will create a complex-valued pattern Pj at the plane z = 0 given by

Pj(x, y; z) =
aj

rj
exp

(︁
ikrj

)︁
where rj =

√︂
(x − xj)2 + (y − yj)2 + (z − zj)2. (2)

where k = 2π/λ is the wavenumber, λ is the wavelength and i is the imaginary unit.
We can calculate holograms of general objects and wavefronts using the Huygens-Fresnel

diffraction model. This can be computed in CGH by discretizing objects (i.e., sampling) into a
point cloud and summing over all point contributions, cf. Equation (2). That is, the wavefield U
can be expressed as the sum of object points Pj, namely

U(x, y; z) =
M∑︂

j=1
Pj(x, y; z) =

M∑︂
j=1

aj

rj
exp

(︁
ikrj

)︁
(3)

However, this expression is computationally costly, as every hologram pixel needs to be updated
for every object point. This can be calculated efficiently between parallel planes via a convolution,
expressed through multipliers in Fourier space using the angular spectrum representation [24]:

A(ω, η; z) =
∬ +∞

−∞

U(x, y; z) exp (−i(z2 − z1)(xω + yη)) dx dy = F2D {U(x, y; z)} (4)

It decomposes a wavefront into plane waves through the two-dimensional (2D) Fourier
transform F2D. The angular spectrum of the wavefront at two different depth planes z = z1 and
z = z2 are related by the expression

A(ω, η; z2) = A(ω, η; z1) exp
(︃
−i(z2 − z1)

√︂
k2 − ω2 − η2

)︃
. (5)

This is called the “Angular spectrum method” (ASM), which can be used to propagate
wavefronts over space efficiently. This model does not account for time variation, which we will
tackle in the next section.

2.2. Extensions for rapidly time-varying signals

Consider the complex electric field of the form E(x, y, t; z), assumed to be scalar and linearly
polarized. We will extend the expressions from the previous section to include time.

We start by modeling the laser pulse over time rather than conventional continuous laser
illumination. The shape of the laser pulse is typically characterized by its FWHM, denoted Wth.
We model the pulse envelope as a Gaussian exp

(︂
−

(︁ t
τ

)︁2
)︂

using the relationship τ = Wth
2
√

ln 2
. We

express the laser pulse as

Π(t) = Π0 exp
(︃
ik0ct −

(︂ t
τ

)︂2)︃
(6)

where k0 is the central frequency and Π0 the laser pulse amplitude. The pulse peak is centered at
t = 0 by convention. This can be represented in k-space via a Fourier transform

Π̂(k) = Π0τ
√
π exp

(︃
−
τ2c2

4
(k − k0)

2
)︃
= Π̂0 exp

(︂
−τ̂2(k − k0)

2
)︂

(7)

resulting again in a Gaussian offset by k0, characterized by Π̂0 = Π0τ
√
π and τ̂ = τc

2 .
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Suppose that we illuminate a 3D structure with that laser pulse. If we discretize it by a set of
points, we can combine Eq. (3) and Eq. (6), giving us

E(x, y, t; z) =
M∑︂

j=1

aj

rj
exp ⎛⎜⎝ik0

(︁
rj + c(t − tj)

)︁
−

[︄
t − tj − c−1r

τ

]︄2⎞⎟⎠ (8)

where tj is the time offset when the light pulse peak reaches the point. The imaginary part of the
expression in the exponential describes the wavefield oscillating over space (rj) and time (c(t− tj)).
The real part of the expression describes the modulation by the laser pulse, cf. Equation (6),
where the path length term is included (c−1r) to account for the finite speed of light at these short
timescales.

Representing the time-variant electric field at a certain z-plane now requires storing a 3D array
parameterized by (x, y, t). Like in the previous case, every pixel over every time step must be
updated by every point, making this expression computationally costly, especially because of the
added time dimension. We thus intend to extend the ASM calculation method to account for time.

In free space, the scalar diffraction model is valid [24] §3.2. The ASM relies on the Helmholtz
equation, which is a relation derived for purely monochromatic waves, cf. [24] §3.3.1. However,
rapidly time-varying electromagnetic signals should be treated as polychromatic. Invoking the
linearity of these models, it is possible to generalize nonmonochromatic wave propagation by
treating polychromatic light as a linear superposition of monochromatic waves, integrating over a
wavelength distribution [24] §3.8. There is theoretical support for this idea in [25] §5.1, using an
angular spectrum representation of pulsed electromagnetic beams.

Given this reasoning, we extend the ASM over k-space, yielding

A(ω, η, k; z) =
∭ +∞

−∞

E(x, y, t; z) exp (−i(xω + yη + tk)) dx dy dt = F3D {E(x, y, t; z)} (9)

using the 3D Fourier transform F3D, where the angular spectra are related by

A(ω, η, k; z2) = A(ω, η, k; z1) exp
(︃
−i(z2 − z1)

√︂
k2 − ω2 − η2

)︃
. (10)

Straightforward discretization of the signal over the time dimension will not be computationally
tractable. Consider tracking a signal modeled by a green laser pulse of λ = 532 nm with
Wth = 200 fs, propagating over d = 10 cm. Light needs about d/c = 334 ps to propagate over 10
cm, sampled to at least λ/2c ≈ 0.88 fs, resulting in more than 3.8 · 105 time samples per pixel.
Tracking all that data for millions of pixels would be impractical.

We can substantially reduce these requirements by leveraging that laser pulses are “sparse”
in space, time, and k-space, i.e., the signals are only significant for certain wavelengths and
specific regions in space and time. Since most of the signal is centered around k0 in k-space, we
demodulate the electric field by this carrier frequency, namely

U(x, y, t; z) = E(x, y, t; z) · exp(−ik0ct). (11)

This operation eliminates time dependence in conventional holography with an idealized
monochromatic laser. Here, we obtain a low-pass signal characterized by the laser pulse
bandwidth with a Gaussian envelope. We consider the bandwidth K = 2ς/τ̂, where ς is the
number of standard deviations where we treat the bandwidth as nonzero.

Furthermore, the time window in which the signal is significant at the object plane will typically
be small compared to the time it takes for the light to propagate to a different plane. We can thus
incorporate the time delay z/c needed for light to bridge the axial distance between two planes,
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which gives us, based on Eq. (10):

U
(︂
x, y, t +

z
c

; z
)︂
= F −1

3D

{︃
F3D {U(x, y, t; 0)} exp

(︃
izk − iz

√︂
k2 − ω2 − η2

)︃}︃
= F −1

3D

{︂
F3D {U(x, y, t; 0)} · K̂(ω, η, k)

}︂
= U(x, y, t; 0) ∗ K(x, y, t);

(12)

namely, Eq. (12) can be expressed as a Fourier multiplier K̂ or equivalently as a convolution
with the temporal ASM kernel K . The number of needed samples N for a well-resolved discrete
Fourier transform can be found by the following relations:

∆t =
T
N
=

1
K

and ∆k =
K
N
=

1
T

(13)

where ∆t and ∆k are the sampling step sizes in time and k-space, respectively; T is the considered
time extent, and K is the bandwidth. If we use a time extent T = 2 ps and ς = 4, the number of
samples needed in the time dimension per hologram pixel for the previous example goes down to
44. This allows for the easier computational handling of ultrafast diffraction algorithms.

2.3. LIF holography configuration - general case

In LIF holography, we consider pulses that are incident under an angle θ w.r.t. the x-axis of the
form

R0 exp

(︄[︃
t + x sin θ
τ

]︃2
)︄
= R(t + αx) (14)

where α = sin θ is a constant setup parameter.
As shown in Fig. 1, the incidence angle for the reference pulse is θR and for the object pulse is
θO, with corresponding constants αR = sin θR and αO = sin θO. We model the object wavefront
in the hologram plane H by

H(x, y, t + αRx) = O(x, y, t)R(t + αOx) ∗ K(x, y, t) (15)

accounting for the time dependence of the measured wavefront along x because of the reference
pulse. Using the coordinate transformation t′ = t + αRx, we get

H(x, y, t′) = O(x, y, t)R(t′ + αOx − αRx) ∗ K(x, y, t′ − αRx) (16)

This expression is not an ordinary convolution anymore because of the dependence on x in the
time coordinate of K.

However, we can treat K as being sheared, for which we can find a mapping in Fourier space.
Consider a 3D signal S(x, y, t) and its Fourier transform Ŝ(x, y, t) which are related as follows

Ŝ(ω, η, k) = F3D {S(x, y, t)} =
∭ +∞

−∞

S(x, y, t)e−i(xω+yη+tk) dx dy dt (17)

If we shear the signal in the time dimension along x by s, we get

F3D {S(x, y, t − sx)} =
∭ +∞

−∞

S(x, y, t − sx)e−i(xω+yη+tk) dx dy dt

=

∭ +∞

−∞

S(x, y, t − sx)e−i(x(ω+sk)+yη+(t−sx)k) dx dy dt

=

∭ +∞

−∞

S(x, y, u)e−i(x(ω+sk)+yη+uk) dx dy dt

= Ŝ(ω + sk, η, k)

(18)
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resulting in another shearing of the Fourier-domain signal, this time in the ω-dimension along k
by −s. Thus, the Fourier transform of the wavefront at the hologram plane can be computed by

Ĥ(ω, η, k) = F3D {H(x, y, t′)} = F3D {O(x, y, t)R(t′ + (αO − αR)x)} · K̂(ω + αRk, η, k) (19)

where K̂ is the temporal ASM kernel expressed in Fourier space as a multiplier.
The coherence between the signals will be maximal for t′ = 0, so we can approximate the

found signal in the hologram plane by

H(x, y, t′ = 0) = F −1
2D

{︃∫ +∞

−∞

Ĥ(ω, η, k) dk
}︃

. (20)

The latter will be more precise in Section 2.5. This proves that LIF holography cannot be
modeled by a 2D convolution experimentally verified in [18]. We now have a general expression
for any θR and θO.

2.4. Special case: equal incidence angles for illumination pulses

Prior works [18] showed that the special case α = αR = αO results in a 2D convolution. Thus,
we can simplify the model further and allow for a direct comparison with the previous technique.
We will show that this still holds in our newly proposed, more accurate model.

Continuing from Eq. (19), the αR and αO in R cancel out. Because of the separability of the
Fourier transform, we get

Ĥ(ω, η, k) = F2D {O(x, y)} · F1D {R(t)} · K̂(ω + αk, η, k) = Ô(ω, η)R̂(k)K̂(ω + αk, η, k). (21)

We would like to find an analytical expression for the 2D convolution kernel, found by
integrating over the time dimensions as done in Eq. (20), giving

F2D {H(x, y, t′ = 0)} =
∫ +∞

−∞

Ĥ(ω, η, k) dk = Ô(ω, η)
∫ +∞

−∞

R̂(k)K̂(ω + αk, η, k) dk (22)

This expression does not seem to have a closed-form analytical solution. Nonetheless, the
expression will only be significant near k0 since it is multiplied by R̂(k) which is a Gaussian
centered around k0. We, therefore, take the Taylor expansion of the expression within the
exponential of K̂ (cf. Equation (12)), yielding a quadratic approximation√︂

k2 − (ω + αk)2 − η2−k = ρ−k0+ (χ−1)(k+k0)+
1 − α2 − χ2

2ρ2
(k+k0)

2+O
(︂
(k + k0)

3
)︂

(23)

where ρ =
√︂

k2
0 − ω

2 − (η + αk0)2, and χ = k0(1−α2)−αω
ρ .

This means that the expression in the integral Eq. (22) can be written in the form

R̂(k)K̂(ω + αk, η, k) ≈ exp
(︂
ak2 + bk + c

)︂
(24)

where a, b, c ∈ C are complex-valued expressions independent of k. This has an analytical
solution: ∫ +∞

−∞

exp
(︂
ak2 + bk + c

)︂
dk =

√︃
π

−a
exp

(︃
c −

b2

4a

)︃
(25)

which holds for any complex-valued a, b, c ∈ C so long as the real part ℜ(a)<0.
We can now find the spectrum of the signal at the hologram plane with∫ +∞

−∞

Ĥ(ω, η, k) dk = Ô(ω, η) ·
√︁
πξ exp

(︃
iz(ρ − k0) +

z2ξ

4
(χ − 1)2

)︃
(26)

where ξ = 2ρ
iz(α2+χ2−1)−2ρτ−2 . Using the inverse 2D Fourier transform, we can retrieve the signal

in the hologram efficiently from Eq. (26).
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2.5. Accurate intensity modeling

The reference method [18] used an approximate condition to determine whether interference
occurred based on the inequality Eq. (1), also without accounting for the time dependence of the
reference pulse. We will use a more accurate model.

Digital cameras can only measure the intensity of light accumulated over time. To further
increase the accuracy, we model the intensity I of the signal by

I =
∫ +∞

−∞

|R(t) + O(t)|2dt (27)

where we consider the camera integration time to be infinite compared to the ultrashort laser
pulse time. Parseval’s equality relates a signal S(t) and its Fourier transform Ŝ(k) with∫ +∞

−∞

|S(t)|2dt =
∫ +∞

−∞

|Ŝ(k)|2dk (28)

so that we can find analytical expressions for whichever transform space is more convenient.
Thus, we can skip the inverse Fourier transform along the time dimension when calculating the
resulting intensity.

3. Experiments

This section will first evaluate the special case where the reference (θR) and object (θO) pulse
incidence angles are equal, which can be expressed as a 2D convolution. We experimentally
verify the technique with a LIF hologram acquired in an optical setup using a visual comparison.
We compare it with the previous reference method [18] quantitatively and qualitatively. Then,
we show that our approach can also compute the general case θR ≠ θO efficiently, unlike earlier
approaches in the state-of-the-art. Finally, we show the flexibility of the technique to model 3D
objects, as prior techniques have limited themselves to 2D apertures.

3.1. LIF hologram: special case θR = θO
We briefly introduce the reference technique based on [18] here; the convolution kernel hLIF for
the case θR = θO is expressed in the spatial domain, essentially consisting of a masked PSF:

hLIF =

⎧⎪⎪⎨⎪⎪⎩
z

iλr2 exp
(︂
i 2π
λ r

)︂
if |αx + z − r |<cWth ∧ max(x, y)< |z |λ√

4p2−λ2

0 otherwise.
(29)

In other words, the PSF is only evaluated if it satisfies (1) the LIF path length condition and (2)
the aliasing condition. The second condition was not used in the original work but was included
here for correctness when z gets smaller; otherwise, it will lead to aliasing because the finite
sampling pitch may be lower than the PSF frequency at high radii; the condition corresponds to
the “circumscribed square” case from [26].

For the first experiment, we compare the PSF for a simulated LIF hologram where θ = θR =
θO = 10◦, Wth = 200 fs, pixel pitch p = 5 µm, λ = 532 nm and z = 45 mm. Three methods are
compared in Fig. 2: (a) the reference method using Eq. (29), (b) the proposed LIF holography
expression integrated over time as in Eq. (20), and (c) the special case model derived in Eq. (26).

We used the generated signals’ peak signal-to-noise ratio (PSNR) to evaluate the differences
quantitatively. The PSNR between the proposed general and approximated models (b and c) is
91.0 dB, showing the high accuracy of the approximation. They are visually indistinguishable,
explained by the normalized error map shown in Fig. 3, which goes only up to 5.5 · 10−11. The
PSNR of the reference method (a) with either proposed method is 44.0 dB, as the error is much
larger. The impact will be shown in the following experiment.
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Fig. 2. Side-by-side comparison of different PSFs calculated by (a) the reference method,
(b) the proposed method valid in the general case, and (c) the approximated special case. (d)
The PSFs are color-coded using a normalized scale with brightness for magnitude and hue
for phase.

Fig. 3. Normalized squared error map, with associated color scale, comparing the general
case model from Fig. 2(b) with the special case model from Fig. 2(c).

We used data from an experimental LIF holography setup for the qualitative experiment as
explained in [18]. This optical setup involved a mode-locked ultrashort pulsed laser (Spectra-
Physics Inc., “HighQ-2 SHG”) with a central wavelength of λ = 522 nm and Wth = 200 fs. The
light pulse from the laser is passed through a beam splitter and transmitted to a diffuser plate. A
17 mm × 17 mm 1951 USAF resolution test chart is set on the diffuser plate to help recognize
temporal changes in the light pulse. The image sensor has a 2592 × 1944 pixel resolution and a
pixel pitch of p = 2.2 µm.

The acquisitions are compared to a simulation with the reference and proposed methods. Using
identical settings to the experimental setup for all parameters, 2592 × 1944 pixel holograms
were computed, superimposing the propagated object wavefront with the reference wavefront as
explained in Section 2.5.

For the three holograms, moving pictures were reconstructed according to the same process:
we set the resolution of each sub-hologram to 512 × 1944 pixels, moving the window by steps of
32 pixels along the x-axis, resulting in 66 frames with a temporal interval of ∼8.2 fs. We then
applied bandpass-filtered the holograms to eliminate the zeroth-order diffraction and twin image,
followed by an ASM backpropagation operation. A selection of the frames are shown in Fig. 4.

We observe the object’s light pulse propagating from left to right over time, as evidenced by the
changing pattern of the test chart in each image, consistent with experimental results demonstrated
in prior work [17]. The agreement between the simulation results and the experimental behavior
of the object light pulse validates the proposed method. Note that while the edges of the
reconstructed images in the simulations for the reference were sharp, they appear blurred in the
proposed method thanks to using a Gaussian pulse model, matching the experimental results.
There is still some visible difference between the pulse envelope shape of the reference recording
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Fig. 4. Moving pictures of a propagating light pulse over a USAF pattern for (a) the hologram
recorded in the experimental setup and the holograms calculated in the (b) proposed and (c)
reference methods, respectively. Here, a small selection of frames separated by ∼90 fs from
the video is shown.

and the proposed method in Fig. 4. This could be due to differences in how the first-order
component is filtered from the off-axis hologram, non-ideal imaging components in the optical
setup, or remaining approximations in the proposed propagation algorithm.

3.2. LIF hologram: general case

We now consider the general case θR ≠ θO. Note that the reference method [18] cannot be used
here anymore since the propagation operator cannot be written as a 2D convolution. This was
demonstrated experimentally [18], meaning that acceleration was only possible for the special
case θR = θO. The effect is also shown in Fig. 5, showing the PSF for impulses in the object
plane set at different lateral positions. For a convolution to be possible, the PSF should be
translation-invariant.

In our more general model, we can express the numerical diffraction of a wavefront where
θR ≠ θO as a 3D convolution via Eq. (19). This means that we can still model diffraction
efficiently for all LIF holography setup configurations.

In our numerical experiments, we calculated the wavefront of a USAF resolution test chart
aperture (cf. Figure 6) on a diffuser plate modeled with random phase. The simulation parameters
were set to θR = 6◦, θO = 4◦, Wth = 200 fs, p = 5 µm, λ = 532 nm, z = 5 cm and ς = 4. We
implemented the proposed algorithm on GPU and compared it to the full calculation method. We
used a machine with an AMD Ryzen Threadripper PRO 5995WX CPU, 256 GB RAM, NVIDIA
RTX A6000 GPU and a Windows 11 OS. The code was implemented in MATLAB using 32-bit
floating point precision.

The calculation time results are reported in Table 1, showing over 4 orders of magnitude
speed gains over the reference full calculation method. Please note that the speed-up magnitude
may differ in a fully optimized C++/CUDA implementation since MATLAB is an interpreted
language where different functions and libraries are not optimized to the same degree.
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Fig. 5. Computed PSFs for different impulse positions and values of θR and θO. The upper
row shows PSFs for θR = 6◦ and θO = 4◦; the bottom row ones where θR = θO = 6◦. PSFs
are shown for impulses horizontally sampled at positions separated by ∼1 mm from left
to right. The images are color-coded using brightness for magnitude and hue for phase,
using the same color scale as in Fig. 2(d). The red marker crossed indicates the center of the
corresponding conventional time-less PSF, cf. Equation (2). Note how the response is only
translation-invariant for the case θR = θO; the other case’s amplitude support and frequency
content are variable.

Fig. 6. USAF test chart pattern used in the numerical experiments.

Table 1. Comparison of calculation times between the full
calculation and the proposed method. The proposed method’s

calculation times are averaged over 1000 runs.

resolution full calculation (s) proposed method (s) speed-up (ratio)

512 × 512 117.0 0.00250 4.69 · 104

1024 × 1024 511.1 0.00911 5.61 · 104

2048 × 2048 3139.0 0.370 8.53 · 104
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3.3. LIF hologram of a 3D object

Besides modeling general LIF holography configurations, the newly proposed model also lends
itself to efficiently modeling the diffraction of light on 3D objects, unlike previous algorithms,
which only worked with flat objects parallel to the hologram plane. Our approach is inspired by
multiplane CGH [27,28], partitioning the scene axially into layers, processing, and propagating
the wavefront layer by layer from back to front. We will extend this principle by including the
time component.

Consider a reflective surface with a depth profile D[x, y] ∈ [zmin, zmax] along z whose reflectance
is given by A[x, y]; the test object is shown on Fig. 7. If we use N layers, we can model propagation
between subsequent layers as a propagation with a short distance of ∆z = N

zmax−zmin
. For efficiency,

we can precompute and reuse the temporal ASM propagation kernel K∆z for every layer.

Fig. 7. Diagrams showing the attributes of the 3D test model.

We define the masked amplitude Mj[x, y] as the reflectance sectioned by depth in each layer
indexed by j ∈ {0, 1, . . . , N − 1}:

Mj[x, y] =

{︄
A[x, y] zmin + j∆z ≤ D[x, y]<zmin + (j + 1)∆z
0 otherwise.

(30)

We propagate the temporal wavefield Uj successively for each j, starting at j = 0 with
U0(x, y, t) = M0[x, y]R(t). Each subsequent layer is calculated using the previous one, where we
get for j ≥ 1:

Uj(x, y, t) = Uj−1(x, y, t) ∗ K∆z +Mj[x, y]R
(︃
t −

j∆z
c

)︃
. (31)

Note that we use a different time delay as an argument for the reference beam R at each layer
since the incoming reference beam will need less time to reach object positions closer to the
light source. Finally, when the object has been fully processed, we use a final temporal ASM
propagation with a larger distance d to reach the hologram plane. Figure 8 summarizes this
process.

The moving pictures were reconstructed using the same process as the one used in Section 3.1.
Each sub-hologram had dimensions of 512 × 2048 pixels, with a moving window of 8 pixels
along the x-axis, resulting in 193 frames with a temporal interval of ∼18 fs. A selection of the
frames is shown in Fig. 9. See Visualization 1 for the original video source material. We can
observe a sectioning of the object, where the front of the object closest to the camera will appear
first, progressively revealing deeper parts of the object’s surface. This validates the 3D version
of our ultrafast diffraction algorithm for LIF holography.

Optionally, occlusion can also be modeled in the progressing wavefront by blocking light from
preceding layers at sliced object positions as done in [28]. This could even enable modeling more
complex volume structures that are not representable by a single depth map.

https://doi.org/10.6084/m9.figshare.27158733
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Hologram 
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Fig. 8. Diagram of the 3D sample illumination scheme for the part of the setup that is
illuminated by the object pulse. The incoming object pulse is a plane wave temporally
modulated by the pulse amplitude, where the reflection time delay in each sample point is
dependent on the sample depth. The 3D object is subdivided into layers, using the newly
proposed temporal ASM successively for each layer over a distance of ∆z. Finally, the
last layer is propagated to the hologram plane by a larger distance d, interfering with the
reference pulse (not shown) and forming the final detected interference pattern.

Fig. 9. Moving pictures of a propagating light pulse reflecting on a 3D surface. The object’s
shape can be seen thanks to the different light path lengths from the object’s surface. A
small selection of frames separated by ∼800 fs from Visualization 1 is shown.

4. Conclusion

Digital LIF holography is a unique ultrafast imaging technique capable of fully encoding and
reconstructing the wavefield of light in a single shot. However, digital LIF holography faces
challenges in accurately modeling and reconstructing the recorded object despite these advantages
because of low coherence and spatiotemporal distortions. We propose novel algorithms for
modeling ultrafast diffraction in LIF holography, demonstrating (1) improved accuracy, (2)
efficient modeling of the LIF hologram formation processing for arbitrary configurations of the
tilt angles, resulting in 4 to 5 orders of magnitude speed-up, and (3) a newly proposed algorithm
for imaging 3D objects. We hope that this work contributes to higher-precision ultra-fast imaging
of various samples in digital LIF holography. Future work will involve testing the accuracy
and applicability of the proposed propagation technique, which should involve a highly precise
experimental reference technique for validation. Moreover, future work will investigate more
complex samples, model additional light-material interactions (such as scattering, specular
reflections, transparency, etc.), and use computational techniques to reduce spatiotemporal
distortions further.
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