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Abstract
We analyze the distortions in the reconstructed images of light-in-flight recording by holography with a magnifying opti-
cal system. To analyze the distortions, we focused on a speed at which the light pulse sweeps the recording material. We 
developed a numerical simulation model based on the ray tracing method for this analysis. We simulated the reconstructed 
images by considering (1) the magnification of a magnifying optical system and (2) the sweeping speed of the object and 
reference light pulse. We found that the distortion becomes larger when we use a magnifying optical system with a higher 
magnification. In addition, the results of the numerical simulations showed that range, where the light pulse is recorded on 
the recording material, becomes narrow when the sweeping speed of the magnified object light pulse is not equal to that of 
the reference light pulse.

1  Introduction

In recent years, ultrashort laser pulses have a wide variety 
of applications for precise material processing, develop-
ing various kinds of super-resolution microscopy, reveal-
ing light–matter interactions [1–5], and so on. The uses of 
ultrashort light pulses for both fundamental research and 
its applications are increasing rapidly [6–8]. As these uses 
of ultrashort light pulses increase, observing the ultrashort 
light pulses becomes increasingly important. Among them, 
it is necessary to observe light pulse propagation or ultrafast 
phenomena induced by the propagating light pulse evolves 

in a microscopic region. For example, light–matter interac-
tion, high-power plasmas induced by a femtosecond light 
pulse, and laser material processing typically evolving in 
a microscopic region. Therefore, an imaging technique for 
observing the magnified light pulse propagation is needed. 
Many researchers have reported techniques that enable us 
to record, visualize, and observe the behavior or properties 
of the propagating ultrashort light pulse and ultrafast phe-
nomena caused by the ultrashort light pulses. Most of the 
techniques need a pulsed-light train or multiple exposures 
[9–12].

Among these techniques, optical holographic imaging has 
a huge impact on the observation of light pulse propagation. 
Light-in-flight recording by holography [13–25] is a power-
ful tool for recording and observing light pulse propagation 
in a microscopic region. This technique is able to record and 
reconstruct a propagating ultrashort light pulse as a spatially 
and temporally continuous motion picture. In addition, this 
technique can record of ultrashort light pulse propagation in 
a single shot. Furthermore, not only two-dimensional (2D) 
but also three-dimensional (3D) information of the propa-
gating light pulse is obtained by the technique, because this 
technique is based on optical holography that records and 
reconstructs the intensity and phase of the light [17].

Even though latest ultrafast imaging techniques are devel-
oped, numerical simulation is common for studying light 
propagation in the macroscopic and microscopic region. 
The same is true for magnified light pulse imaging using 
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light-in-flight recording by holography. The main diffi-
culty comes from the speed of the light and the low time-
coherence of the ultrashort light pulse. During the record-
ing process, the technique records an interference fringe, 
which is formed by an object light pulse and a reference 
light pulse. To record the interference fringes, the object 
light pulse and the reference light pulse need to arrive at the 
same time to recording material. When the incident angle 
of the illumination light pulse and that of the reference light 
pulse are equal, the speed at which the object light sweeps 
the recording material is equal to that at which the refer-
ence light sweeps the recording material. In addition, these 
speeds are called as the sweeping speed of the reference 
light pulse and the sweeping speed of the illumination light 
pulse, respectively. On the other hand, when the incident 
angle of the illumination light pulse and that of the reference 
light pulse are not equal, the sweeping speed of the refer-
ence light pulse and that of the illumination light pulse are 
not equal. Therefore, the place where the object light pulse 
sweeps the recording material is not constant against the 
place, where the reference light pulse sweeps the recording 
material. Consequently, the optical path length difference 
between the object light pulse and the reference light pulse is 
not constant with respect to the direction in which the refer-
ence light pulse sweeps the recording material. Namely, it 
can be said that the difference in the sweeping speed of each 
light pulse affects the optical path-length difference. Note 
that, the sweeping speeds are required to determine the opti-
cal path-length difference between the reference light pulse 
and the object light pulse. Therefore, an optical path-length 
difference between the reference light pulse and the object 
light pulse is an important factor to record and observe the 
propagating light pulse as a motion picture.

To observe a magnified image of light pulse propaga-
tion by the technique, a magnifying optical system is needed 
to introduce into the optical setup of light-in-flight record-
ing by holography. Introducing a magnifying optical sys-
tem changes the sweeping speeds of the object light pulse. 
Thus, the optical path-length difference between the refer-
ence light pulse and the object light pulse differs from the 
conventional recording process. However, the effects of dif-
ference in the sweeping speed of the reference light pulse 
and that of the object light pulse have not been reported yet 
[19]. Furthermore, in Ref. [24], a numerical simulation for 
a reconstructed image when recording with a single micro-
scope objective is performed. However, in the previous 
study, the effects of the magnification of the magnifying 
optical system and the difference in sweeping speed on the 
reconstructed images have not been investigated. Therefore, 
in this study, we developed a numerical simulation model 
based on the ray tracing method to evaluate the effects of (1) 
the magnification of a magnifying optical system and (2) the 
difference in the sweeping speeds of the light pulses. In the 

numerical simulation, the ray tracing method was adopted to 
determine the optical path-length of the object light pulses 
passing through a magnifying optical system. We assumed 
that the magnifying optical system is an afocal system. Con-
sidering the use of a magnification optical system with low 
magnification and that with high magnification, we evaluate 
the shape of the magnified images of the light pulses under 
the following two situations: (1) the sweeping speed of the 
object light pulse is equal to that of the object light pulse. 
(2) the sweeping speed of the object light pulse is not equal 
to that of the object light pulse during the recording process 
with light-in-flight recording by holography.

2 � Light‑in‑flight recording by holography

Light-in-flight recording by holography combines optical 
holography and ultrashort light pulses. In general, hologra-
phy can record not only amplitude but also phase informa-
tion of an object. On the other hand, in principle, light-in-
flight recording by holography records a scattered light pulse 
as an object light pulse. When we record and reconstruct 
a scattered light pulse from an object, the phase image of 
the object becomes a random pattern. Therefore, the phase 
information of the object cannot be faithfully recorded with 
the current light-in-flight recording by holography.

The technique records interference fringes formed by a 
reference light pulse and an object light pulse. The reference 
light pulse is obliquely incident to the recording material. 
Similarly, the object light pulse is obliquely incident to the 
recording material, because a light pulse, which is called 
the illumination light pulse, obliquely illuminates a diffuser 
plate or a diffusive object. Because of the low time-coher-
ence of the ultrashort light pulse, the interference fringes 
are formed only when and where both light pulses arrive 
simultaneously at the recording material. As a result, the 
spatial–temporal information of the propagating light pulse 
is recorded at different points along the lateral direction of 
the recording material. Figure 1a shows a basic recording 
arrangement of light-in-flight recording by holography. The 
technique uses ultrashort light pulse from the ultrashort-
pulsed laser to record a hologram. An ultrashort light pulse 
from an optical source is divided into two light pulses by a 
beam splitter. One light pulse is collimated and obliquely 
incident to a diffuser plate contacted with an object or a 
diffusive object. This light pulse is called as an illumination 
light pulse. The diffused or scattered light pulse irradiates 
the recording material. This light pulse is called as an object 
light pulse. The other light pulse is also obliquely incident to 
the recording material. This light pulse is called as a refer-
ence light pulse. Only when and where the object light pulse 
and the reference light pulse arrive at the recording material 
at the same time, interference fringes are formed by these 
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light pulses and recorded on the image sensor. Because the 
reference light pulse is incident to the recording material 
obliquely, the reference light pulse sweeps and crosses the 
recording material laterally. Therefore, the behavior of the 
light pulse propagating on the diffuser plate contacted with 
object or the diffusive object at each moment is recorded in 
each different part along the lateral direction of the record-
ing material.

Figure  1b shows a schematic diagram of the image 
reconstruction process of the light-in-flight recording by 
holography. In the process, a continuous wave laser beam is 
obliquely incident to the hologram with the incident angle 
that is the same angle of the reference light pulse. We can 
observe the behavior of the propagating light pulse as a spa-
tially and temporally continuous motion picture when we 
shift the observation point on the hologram laterally.

3 � Light‑in‑flight recording by holography 
including a magnifying optical system

3.1 � Schematic illustration

Figure 2 shows the schematic illustration of light-in-flight 
recording by holography with a magnifying optical system. 
The magnifying optical system is introduced to the conven-
tional recording arrangement of light-in-flight recording 
by holography. We consider an afocal optical system as the 
magnifying optical system. Because the magnification is 
constant, it is easy to observe the image. The afocal optical 

system is placed between the diffuser plate and the record-
ing material. The magnification of the optical system M is 
given by

where f1 and f2 are the focal length of the microscope 
objective and that of the plano-convex lens. After passing 
through the magnifying optical system, the object light pulse 
generated from the diffuser plate is inverted vertically and 
horizontally. Therefore, the reference light pulse and the 

(1)M = −
f2

f1
,

Fig. 1   Schematic diagram of the 
basic arrangement of light-in-
flight recording by holography. 
a Recording. b Reconstruction

Fig. 2   Schematic illustration of the top view of light-in-flight record-
ing by holography with a magnifying optical system
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illumination light pulse are obliquely incident on the record-
ing material and the diffuser plate in the opposite directions 
to each other, as shown in Fig. 2.

3.2 � Sweeping speed of the light pulse: the speed 
at which the light pulse sweeps the recording 
material

We explain the speed at which a light pulse sweeps a record-
ing material in light-in-flight recording by holography. In 
the recording process, interference fringes are formed and 
recorded by the recording material only when both light 
pulses arrive at the recording material simultaneously due 
to the short temporal coherence length of the ultrashort light 
pulse. In other words, to form the interference fringes, an 
optical path-length difference between the reference light 
pulse and the object light pulse is needed to be less than or 
equal to the temporal coherence length of the ultrashort light 
pulse. The optical path-length difference between the refer-
ence light pulse and the object light pulse is determined by 
the sweeping speed of the reference light pulse and that of 
the object light pulse.

We describe the sweeping speed of the reference light 
pulse and that of the object light pulse. These sweeping 
speeds are mainly determined by the incident angle of the 
light pulses as shown below. The sweeping speed of the ref-
erence light pulse vr is given by

where c and �r are the speed of the light in the air and the 
incident angle of the reference light pulse, as shown in 
Fig. 3a. Similarly, the sweeping speed of the illumination 
light pulse vi is also given by

where c and �i are the speed of the light in the air and the 
incident angle of the illumination light pulse to a diffuser 
plate, as shown in Fig. 3b. In a conventional optical sys-
tem of light-in-flight recording by holography, we set the 
incident angle of the illumination light pulse to be equal 
to the incident angle of the reference light pulse [23]. As a 
result, the sweeping speed of the object light pulse is equal 
to the speed at which the illumination light pulse sweeps 
the diffuser plate. Thus, the sweeping speed of the object 
light pulse is equal to that of the illumination light pulse in 
general. Then, we can express the sweeping speed of the 
object light pulse is as

(2)vr =
c

sin �r
,

(3)vi =
c

sin �i
,

(4)vo = vi.

However, after passing through the magnifying optical 
system, the sweeping speed of the magnified object light 
pulse v′o is given by

where M is the magnification of the magnifying optical sys-
tem. When recording the object light pulse, it is necessary 
that the sweeping speed of the reference light pulse is equal 
to that of the object light pulse in the x direction accord-
ing to the principle of light-in-flight recording by hologra-
phy. However, introducing the magnifying optical system 
to the optical arrangement changes the sweeping speed 
of the object light pulse as seen from Eq. (5). As a result, 
when introducing the magnifying optical system, the sweep-
ing speed of the object light pulse is faster than that of the 
conventional one. The arrival time of the object light pulse 
changes, because the sweeping speed of the object light 
pulse changes, that is, the place where the object light pulse 
sweeps the recording material is not constant against the 
place where the reference light pulse sweeps the recording 
material. Thus, the optical path-length difference between 
the object light pulse and the reference light pulse is not 
constant with respect to the direction in which the reference 
light pulse sweeps the recording material. Consequently, the 
place where the interference fringes are formed is different 
from that of the conventional recording process.

4 � Simulation model

To investigate the effect of the difference in the sweep-
ing speed of the object light pulse on a magnified image 
of light pulse propagation, we developed a numerical 

(5)v�
o
= M × vo = M × vi =

M × c

sin �i
,

Fig. 3   Diffuser plate and the recording material of the recording 
arrangement of light-in-flight recording by holography with a mag-
nifying optical system. a Reference light pulse. b Object light pulse
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simulation model of light-in-flight recording by hologra-
phy including a magnifying optical system. The numerical 
simulation model is based on the ray tracing method. We 
numerically simulate the magnified images of light-in-
flight recording by holography with the magnifying opti-
cal system. Figure 4a schematically shows the simulation 
model. We consider the simulation model on the basis of 
the optical configuration, as shown in Fig. 3b. We defined 
the plane on which the diffuser plate was set and the opti-
cal axis that was perpendicular to the diffuser plate as the 
xy plane and z-axis, respectively. The optical path-length 
of the object light pulse is calculated by the ray tracing 
method. We define coordinates of points and parameters 
in Fig. 4a, as shown in Tables 1 and 2. In the numerical 
simulation, the following conditions were assumed and 
applied for calculation simplicity.

1.	 An object light pulse scattered at O propagates in the z
-direction. After passing through the magnifying optical 
system, an object light pulse scattered at O is recorded at 
RO . The object light pulse and the reference light pulse 
simultaneously arrive at RO . Interference fringes are 
generated at RO , because the optical path-length of the 
reference light pulse is equal to that of the object light 
pulse.

2.	 The cross section of the illumination light pulse and the 
diffuser plate are linear.

3.	 The cross section of the reference light pulse and the 
recording material are linear.

4.	 The diffuser plate and the recording material are placed 
parallel to each other.

5.	 The refractive index and thickness of the glass material 
of the lenses are not considered.

6.	 We set the light pulse to be isotropically scattered from 
the surface of the diffuser.

7.	 Light-in-flight recording by holography typically records 
a scattered object light pulse as a Fresnel hologram. 
Therefore, to assume the scattered light pulse in the 
Fresnel propagation, the diffuser plate and the recording 
material are not placed in the input plane and the output 
plane of the 4f-system (the magnifying optical system), 
respectively.

When any parameters of l1 , l2, f1 , f2, and M are given, 
the other parameters are determined. Thus, parameters, 
namely, d1 , d2 , W , n , �o , �r , and l1 , l2, f1 , f2, and M , should 
be given in the numerical simulation. To calculate the 
image of the propagating light pulse recorded at the set of 
R whose y-coordinate is zero on the recording material, 
as shown in Fig. 4a, we calculate the set of points on the 
diffuser plate. The object light pulse occurring at a certain 
point A arrives at R through L1 and L2 , which are points 

in Lens 1 and Lens 2. Then, tA−L1−L2-R
 , which is the time 

required for the object light pulse to propagate A → L1 → 
L2 → R , is given as

Here, c is the speed of light in the air, AL1 , L1L2 , and 
L2R are the optical path-length from A to L1 , the optical 
path-length from L1 to L2 , and the optical path-length from 
L2 to R , respectively. In addition, the time when the object 
light pulse occurs at A and the time when the object light 
pulse arrives at R are defied as TA and TR , respectively. The 
time when the object light pulse arrives at R is expressed as

Ax and A are located on the same pulse front at the time 
TA . We consider the case in which the illumination light 
pulse propagates on the diffuser plate and the object light 
pulse occurs at O at time To . Because the illumination light 
pulse is incident on the diffuser plate at the incident angle �i 
against the normal of the diffuser plate, the sweeping speed 
of the illumination light pulse is given by Eq. (3). Then, 
tAx-O

 , which is the required time for the illumination light 
pulse to propagate the diffuser plate from O to Ax , is given as

Since OAx is the optical path-length from O to Ax, To is 
given as

In addition, tO−Ro
 , which is the time required for the object 

light pulse to propagate from O to RO through the principal 
point of Lens 1 and Lens 2, is given by

Here, ORO is the optical path-length from O to RO. As a 
result, the time TRo

 when the object light pulse occurs at O 
arrives RO is given as

Considering the condition [1], the time �RO
 when the ref-

erence light pulse arrives RO is expressed by

Because the reference light pulse is incident on the 
recording material at the incident angle �r against the surface 
of the recording material, the sweeping speed of the refer-
ence light pulse is given by Eq. (2). In addition, tR−RO

 , which 

(6)tA−L1−L2−R
=

AL1

c
+

L1L2

c
+

L2R

c
.

(7)TR = TA + tA−L1−L2−R
.

(8)t
A

x
- O

=

OA
X

vi
.

(9)TO = TA + tAx - O
.

(10)tO - Ro
=

ORO

c
.

(11)TRo
= TO + tO - Ro

= TA + tAx - O
+ tO - Ro

.

(12)�RO
= TRO

.
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Fig. 4   Schematic illustration of 
the simulation model. a Record-
ing process of light-in-flight 
recording by holography with 
a magnifying optical system. 
b Flowchart of the numerical 
simulation
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is the time required for the reference light pulse to propagate 
from R to RO , is given by

Here, RRO is the optical path-length from R to RO. Then, 
the time �R when the reference light pulse reaches RO after 
passing R is expressed by

When the object light pulse occurred at A arrives at R , the 
reference light pulse arrives at R simultaneously. By apply-
ing Eqs. (6)–(14), we obtain the following equation:

If Eq. (15) is satisfied, the object light pulse containing 
the information on A is recorded at R . In the numerical sim-
ulation, we consider the following condition:

(13)tR−RO
=

RRO

vR
.

(14)�R = �RO
− tR−RO

= TRO
− tR−RO

.

(15)
AL

1

c
+

L
1
L
2

c
+

L
2
R

c
−

OA
X

vi
−

OR
O

c
=

RR
O

vR
.

Equation (16) shows that the light pulse occurred at A 
is recorded at R when the optical path-length difference 
between the object light pulse and the reference light pulse 
is shorter than the temporal coherence length of the ultra-
short pulse.

Figure 4b shows the flowchart of the numerical simula-
tion. By varying the coordinate of the observation point R 
and conducting the same calculation mentioned above, we 
obtain a set of points on the diffuser plate that scatters the 
object light pulse recorded at R in the form of an interfer-
ence fringe. When the coordinate of A is found, we plot a 
point of A magnified M times. Thus, we can observe the 
reconstructed image of the magnified light pulse recorded 
by light-in-flight recording by holography with a magnifying 
optical system.

5 � Simulation parameters

First, we performed a numerical simulation of the recon-
structed images using a magnifying optical system with a 
lower magnification. We simulated the reconstructed images 
under the following two parameters: (1) the sweeping speed 
of the object light pulse is equal to that of the object light 
pulse in the x direction. (2) the sweeping speed of the object 
light pulse is not equal to that of the object light pulse in the 
x direction.

By considering the two situations mentioned above, we 
set the two simulation parameters: (1) the sweeping speed 
of the object light pulse is equal to that of the reference light 
pulse. (2) the sweeping speed of the object light pulse is 
seven times faster than that of the reference light pulse. The 
two conditions are shown in Tables 3 and 4, respectively.

Second, we also performed a numerical simulation of 
the reconstructed images using a magnifying optical sys-
tem with a higher magnification. Similarly, we set the two 
simulation parameters with the higher magnification: (3) 
the sweeping speed of the object light pulse is equal to that 

(16)
|
|
|
|
|

AL
1

c
+

L
1
L
2

c
+

L
2
R

c
−

OA
X

vi
−

OR
O

c
−

RR
O

vR

|
|
|
|
|

< 𝜏c.

Table 1   Definition of 
coordinates of points

Coordinates of Points Definition

O (0, 0, 0) Origin of xyz-coordinates
R
O
(0, 0, l

1
+l

f
+l

2
) Cross point between z-axis and the recording material

R (X
r
, 0, l

1
+l

f
+l

2
) Observation point on the recording material

A (X
A
,Y

A
, 0) Point on the diffuser plate

A
x
(X

A
, 0, 0) Point, whose x-coordinate corresponds to A, on the diffuser plate

L
1
(X

1
,Y

1
, l
1
) A point on the principal plane of Lens 1

L
2
(X

2
,Y

2
, l
1
+l

f
) A point on the principal plane of Lens 2

Table 2   Definition of parameters

Parameters Definition

�
o

Incident angle of the illumination light pulse 
against the normal of the diffuser plate

�
r

Incident angle of the reference light pulse against 
the normal of the recording material

l
1

Distance between the diffuser plate and Lens 1
l
2

Distance between the recording material and Lens 2
l
f

Distance between Lens 1 and Lens 2
f
1

Focal length of Lens 1
f
2

Focal length of Lens 2
d
1

Aperture diameter of Lens 1
d
2

Aperture diameter of Lens 2
M Magnification of the reconstructed image
W Beam diameter of the illumination light pulse
n Number of the rays
� Pulse duration of the ultrashort light pulse
c Speed of the light in the air
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of the reference light pulse. (4) the sweeping speed of the 
object light pulse is 17-times faster than that of the reference 
light pulse. The two conditions are shown in Tables 5 and 
6, respectively.

In this study, to conduct the numerical simulation effec-
tively, we determined “the number of rays that pass through 
the lens 2” as the total number of rays n . In the numerical 
simulation, there are many rays that can reach the diffuser 
plate from a certain point of the recording material. There-
fore, when calculating all paths of rays, the number of rays 
needed to be calculated becomes very large, and the calcula-
tion efficiency also decreases. Figure 5 schematically shows 
the result of plotting the rays in the lens 2 under Condi-
tion (1). The small dots represent the points, where the rays 
passed through lens 2. As you can see, we could calculate all 
rays that pass through the lens 2. Therefore, we consider that 
the number of rays in this study is reasonable. In addition, 

we consider that enough number of rays is related to the 
diameter of a tube lens (lens 2).

6 � Results and discussion

Figures 6 and 7 show the simulation results in the case 
of a lower magnification. The x - and y-axes of the simu-
lation results correspond to those in Fig. 4a. Small dots 
represent calculated points of the magnified object light 
pulse. The magnified images are represented by a set of 
calculated points. Figures 6 shows the simulation result 
under Condition (1). We obtained the simulation results 
by changing the observation area from − 2 to 2 cm by 
0.1 cm (see Video 1, Supplementary materials). We do not 
show all the results but choose results at a certain interval. 
From Fig. 6a–f, Xr changed as follows. a: − 0.4 , b: − 0.2 , 

Table 3   Simulation parameters 
for Condition (1)

Parameters Values

�
o

75.4°
�
r

14°
l
1

3 cm
l
2

10 cm
l
f

10 cm
f
1

2 cm
f
2

8 cm
d
1

1 cm
d
2

4 cm
M 7.78
W 10 cm
n 50,000
� 178 fs
c 3.0 × 108 m/s

Table 4   Simulation parameters 
for Condition (2)

Parameters Values

�
o

14°
�
r

14°
l
1

3 cm
l
2

10 cm
l
f

10 cm
f
1

2 cm
f
2

8 cm
d
1

1 cm
d
2

4 cm
M 7.78
W 10 cm
n 50,000
� 178 fs
c 3.0 × 108 m/s

Table 5   Simulation parameters 
for Condition (3)

Parameters Values

�
o

38°
�
r

2°
l
1

1.5 cm
l
2

20 cm
l
f

16.9 cm
f
1

0.9 cm
f
2

16 cm
d
1

1.2 cm
d
2

6 cm
M 17.8
W 10 cm
n 50,000
� 178 fs
c 3.0 × 108 m/s

Table 6   Simulation parameters 
for Condition (4)

Parameters Values

�
o

2°
�
r

2°
l
1

1.5 cm
l
2

20 cm
l
f

16.9 cm
f
1

0.9 cm
f
2

16 cm
d
1

1.2 cm
d
2

6 cm
M 17.8
W 10 cm
n 50,000
� 178 fs
c 3.0 × 108 m/s
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c: − 0.0 , d: 0.2 , e: 0.4 , and f: 0.6 cm. Figure 6g shows a 
circular reconstructed image with the largest diameter in 
the numerical simulation under Condition (1). The circle 
was calculated by applying the least squares method to 
the calculated plots of the magnified object light pulse. In 
this result, the diameter of the circle is 1.08 cm. Figure 6h 
shows the range in which the magnified object light pulse 
propagates on the image plane. The small green dots rep-
resent the reconstructed image that first appeared in the 
motion picture of light pulse propagation. The small blue 
dots represent the last observed reconstructed image right 
before the reconstructed image disappeared in the motion 
picture. We found that the magnified object light pulse 
propagates 0.53 cm.

Similarly, Fig. 7 shows the simulation results under Con-
dition (2). As mentioned above, we obtained the simulation 
results by changing the observation area from − 2 to 2 cm 
by 0.1 cm (see Video 2, Supplementary materials). From 
Fig. 7a, b, Xr changed as follows. a: −0.4 , b: −0.2 , c: −0
.0, d: 0.2 , e: 0.4 , and f: 0.6 cm. Figure 7g shows a circular 
reconstructed image with the largest diameter in the numeri-
cal simulation under Condition (2). Same as above, the circle 
was calculated by applying the least squares method to the 
calculated plots of the magnified object light pulse. As a 
result, the diameter of the circle is 0.74 cm. Figure 7h shows 
the range in which the magnified object light pulse propa-
gates on the image plane. The small green dots represent 
the reconstructed image that first appeared in the motion 
picture of light pulse propagation. The small blue dots rep-
resent the last observed reconstructed image right before 
the reconstructed image disappeared in the motion picture. 
We found that the magnified object light pulse propagates 
0.27 cm. We can observe the magnified image of the light 
pulse propagation when Xr , the observation points on the 
hologram, changes.

Figure 8 shows the simulation results under Condition 
(3). We obtained the simulation results by changing the 
observation area from − 2 to 2 cm by 0.1 cm (see Video 3, 
Supplementary materials). We do not show all the results 
but choose results at certain intervals. From Fig. 8a–f, Xr 
changed as follows. a: −0.4 , b: −0.2 , c: −0.0, d: 0.2 , e: 0.4 , 
f: 0.6 , g: 0.8 , and h: 1.0 cm. Figure 8i shows a circular recon-
structed image with the largest diameter in the numerical 
simulation under Condition (3). The circle was calculated by 
applying the least squares method to the calculated plots of 
the magnified object light pulse. The diameter of the circle 
is 5.5 cm. Figure 8j shows the range in which the magni-
fied object light pulse propagates on the image plane. The 
small green dots represent the reconstructed image that first 
appeared in the motion picture of light pulse propagation. 
The small blue dots represent the last observed reconstructed 
image right before the reconstructed image disappeared in 
the motion picture. We found that the magnified object light 
pulse propagates 2.13 cm.

Similarly, Fig. 9 shows the simulation results under Con-
dition (4). As mentioned above, we obtained the simulation 
results by changing the observation area from − 2 to 2 cm 
by 0.1 cm (see Video 4, Supplementary materials). From 
Fig. 9a–g, Xr changed as follows. a: −0.4 , b: −0.2 , c: −0.0, 
d: 0.2 , e: 0.4 , f: 0.6 , g: 0.8 , and h: 1.0 cm. We can observe 
the magnified image of the light pulse propagation when 
Xr , the observation points on the hologram, changes. Fig-
ure 9i shows a circular reconstructed image with the larg-
est diameter in the numerical simulation under Condition 
(4). The circle was calculated by applying the least squares 
method to the calculated plots of the magnified object light 
pulse. The diameter of the circle is 2.3 cm. Figure 9j shows 
the range in which the magnified object light pulse propa-
gates on the image plane. The small green dots represent the 
reconstructed image that first appeared in the motion picture 

Fig. 5   Rays in the lens 2
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of light pulse propagation. The small blue dots represent the 
last observed reconstructed image right before the recon-
structed image disappeared in the motion picture. We found 
that the magnified object light pulse propagates 1.09 cm.

Here, we discuss the simulation results. We could 
observe circular or arcuate distortions in the results. In the 
previous study, similar circular or arcuate distortions have 
been observed in the numerical simulation for light-in-
flight recording by holography with a magnifying optical 

system [16, 23]. These distortions arise, because the opti-
cal path length difference between the reference and the 
object light pulse is geometrically determined. We under-
stand that the numerical results show that the shape of the 
reconstructed images was affected by (1) the magnification 
of the magnifying optical system and (2) the difference 
in the sweeping speed between the reference light pulse 
and the object light pulse. First, we examined the effect of 
the magnification of the magnifying optical system on the 

Fig. 6   Simulation results of the magnified light pulse propagation 
under Condition (1). a X

r
= −0.4 , b −0.2 , c 0.0 , d 0.2 , e 0.4 , f 0.6 

(see Video 1, Supplementary materials). g Circular reconstructed 

image with the largest diameter. h Range in which the magnified 
object light pulse propagates on the image plane
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reconstructed images. Figures 8 and 9 show the circular 
distortion of the image of the light pulse becomes large in 
the case of Condition (3) and (4). These results show that 
the distortion of the reconstructed images occurs when we 
use a magnifying optical system with a higher magnifica-
tion. Second, we examined the effect of the difference in 
the sweeping speed between the light pulses on the recon-
structed images. Comparing Figs. 8, 9, the diameter of the 
reconstructed images becomes larger when the sweeping 

speed of the object light pulse is equal to that of the refer-
ence light pulse.

We also discussed a range of the recording material that 
can record interference fringes, because the magnified image 
of the propagating light pulse at each moment is recorded 
at different points along the direction of reference light 
pulse propagation. The image of the object light pulse did 
not appear in several frames of the simulation results. The 
object light pulse could not be recorded, because there was 

Fig. 7   Simulation results of the magnified light pulse propagation 
under Condition (2). a X

r
= −0.4 , b −0.2 , c 0 , d 0.2 , e 0.4 , f 0.6 (see 

Video 2, Supplementary materials). g Circular reconstructed image 

with the largest diameter. h Range in which the magnified object light 
pulse propagates on the image plane
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no light ray satisfying Eq. (16). To discuss the simulation 
results, we also examined the effect of the magnification of 
the magnifying optical system on the reconstructed images. 
Comparing Figs. 8j, 9j, the range in which the light pulse 
propagates on the image plane in Condition (4) is about half 
as long as that of Condition (3). Considering the recording 
time of the magnified light pulse, the simulation results of 
Condition (4) show that the recording time of the motion 
picture of the magnified light pulse is decreased. Regard-
less of the magnification, the range where the light pulse is 
recorded on the recording material becomes narrow when 
the sweeping speed of the magnified object light pulse is not 
equal to that of the reference light pulse. This is because the 
optical path length difference between the object light pulse 
and the reference light pulse increases as the difference in 
sweeping speed between both light pulses increases.

From these results, the difference in sweeping speed 
between the reference light pulse and the object light pulse 
directly affects the shape of the magnified images of the 
light pulse and a range of the recording material that can 
record interference fringes. In addition, our result indi-
cates that the higher the magnification of the magnifying 
optical system, the larger the distortion of the magnified 
image and the decrease of the range. It can be seen from 
the results that a compensation method for distortions is 
required to accurately observe the magnified images of the 
light pulse when introducing the magnifying optical sys-
tem into light-in-flight recording by holography to observe 
the magnified light pulse. We are studying compensation 
methods using the results obtained by our numerical simu-
lation model. We will investigate the numerical analysis of 
the images as a future work.

Fig. 8   Simulation results of the magnified light pulse propagation 
under Condition (3). a X

r
= −0.4 , b −0.2 , c 0 , d 0.2 , e 0.4 , f 0.6 , 

g 0.8 , h 1.0 mm (see Video 3, Supplementary materials). i Circular 

reconstructed image with the largest diameter. j Range in which the 
magnified object light pulse propagates on the image plane
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7 � Conclusions

In this study, to evaluate the effects of difference in the 
sweeping speed of the light pulses, we developed and 
demonstrated the numerical simulation model of light-in-
flight recording by holography with a magnifying opti-
cal system. The numerical simulation is based on the ray 
tracing method. We were able to qualitatively evaluate the 
reconstructed images by changing the speeds at which the 
light pulses sweep the recording material. We numerically 
simulated the magnified light pulse under the following 
conditions: when the sweeping speed of the object light 
pulse is faster than that of the reference light pulse, and 
when the sweeping speed of the object light pulse is equal 
to the reference light pulse. The simulation results showed 
that the distortions of the reconstructed images become 
larger when the sweeping speed of the object light pulse 
differs from that of the reference light pulse. In addition, 

the simulation results showed that the recording time of 
the motion picture is affected by the magnifying optical 
system. Besides, when introducing the magnifying opti-
cal system into light-in-flight recording by holography to 
observe the magnified light pulse, a compensation method 
for distortions is required to accurately observe the mag-
nified images of the light pulse. Our study will contrib-
ute towards developing and optimizing an optical system 
of light-in-flight recording by holography to observe the 
magnified light pulse.
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Fig. 9   Simulation results of the magnified light pulse propagation 
under Condition (4). a X

r
= −0.4 , b −0.2 , c 0 , d 0.2 , e 0.4 , f 0.6 , 

g 0.8 , h 1.0 mm (see Video 4, Supplementary materials). i Circular 

reconstructed image with the largest diameter. j Range in which the 
magnified object light pulse propagates on the image plane
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