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ABSTRACT

One of the primary challenges in advanced manufacturing (AM) is the lack
of efficient optical metrics for ensuring quality control over the manufac-
turing process. Many current imaging techniques have excessive data
requirements and require computationally intensive post-processing to
effectively characterize various AM environments. Spatial frequency modu-
lated imaging (SPIFI) addresses many of these issues with the following
benefits: it is compatible with long working distance optics, provides a
large field-of-view, features single element detection, and can provide
enhanced resolution. Here, we demonstrate SPIFI with enhanced resolution
in multiple dimensions for the first time. This is achieved by incorporating
multiple linear extended excitation sources oriented with axes at arbitrary
angles with respect to each other. The system utilizes a single modulation
mask enabling facile implementation within existing imaging systems such
as those found in laser AM systems.
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1. Introduction

SPatIal Frequency modulated Imaging, or SPIFI, is an exciting new paradigm for pushing the lim-
its in quantitative imaging.[1,2] To our knowledge it is one of the first general methods for push-
ing the spatial resolution past traditional boundaries.[3] Notably, it does so under both linear and
nonlinear excitation conditions, and with incoherent (e.g., linear or multiphoton excited fluores-
cence) and coherent (e.g., second and third harmonic generation) contrast mechanisms. SPIFI
does this all the while incorporating extended excitation sources, such as a line (as opposed to a
point focus) enabling a wide field-of-view[4] and optimal frame rates. Indeed, Diebold et al.[5]

using radio frequency modulation methods and confocal linear fluorescence imaging, have
achieved frame rates exceeding 4 kHz. An especially attractive feature of SPIFI is that while an
extended source is used for excitation, the signal light is collected through single element (point)
detection such as with a photomultiplier tube or photodiode. By enabling one-dimensional imag-
ing with point detection, SPIFI is robust in specimen environments where the excitation and/or
signal light can be scattered.[6] SPIFI systems can also be configured to provide high resolution
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depth information via the coherent holographic image reconstruction by phase transfer technique
and the interferometric reflective geometry.[7–11]

Under the SPIFI paradigm, imaging systems can be transformed in significant new ways

that include: (1) long working distance optics (e.g., >60mm) can be used with unprecedented

effectiveness by achieving a large field-of-view (e.g., >20mm) with extended resolution inde-

pendent of imaging modality, (2) single element detectors, often superior to their two-

dimensional counterparts in terms of performance are employed, which in turn enables, (3)

the imaging system to be effective when imaging into a scattering environment. In particular,

in this article we show for the first time, multidimensional, enhanced resolution imaging

achieved with a single SPIFI mask fabricated in-house. One of the strengths of the SPIFI

method is that the enhanced resolution can be verified across imaging modalities. To date,

for nonlinear imaging this has included using 100 nm fluorescent beads in two photon excita-

tion fluorescence and using 200 nm BTO particles for second harmonic generation imaging to

measure the point spread function and spatial cutoff frequency for these imaging modalities.[3]

In linear imaging, standardized targets with varying, quantified spatial frequency content are

imaged, and doubling of the pixel density is confirmed.[4]

1.1. Spatial frequency modulation imaging: breaking imaging limits

So how is SPIFI implemented? As we will show in this article, it is surprisingly straightfor-
ward, and existing systems can be readily adapted to exploit the SPIFI method. First, this
imaging technique utilizes a cylindrical lens to focus the excitation beam to a line, effectively
creating a light sheet. The light sheet is then incident on the SPIFI mask. The mask is fabri-
cated in-house, as we will show in later sections, and is the heart of the SPIFI method. The
mask is located at the focal plane of the cylindrical lens and is spun at a constant rate. The
pattern on the mask is specifically designed such that it attenuates (modulates) the intensity
of each resolvable pixel across the light sheet at a unique frequency which increases in a lin-
ear fashion across the mask. This enables single element detection. An alternative description
is to note that as the mask spins, it transmits a spatial frequency that varies as a function of
time. The mask is acting as a time-varying diffractive element: there is an emergence of light
sheets (after the mask) which will be represented in this article by the three diffracted orders
(�1, 0, þ1). Finally, these diffracted orders are image relayed in a 4-f configuration to the
focal plane of the imaging system with the desired magnification to achieve the highest reso-
lution and desired field-of-view.

In the following subsections we create a step-by-step guide to understanding and implement-
ing the SPIFI method. First, we examine the desirable characteristics the mask needs to modulate
the light sheet in a manner compatible with single element detection. From these details, we can
then extrapolate to the SPIFI mask design. Next, the optical platform incorporating the mask is
discussed, and basic signal collection analysis is shown. Finally, we treat how this design leads to
enhanced resolution, and present new results in two-dimensional enhanced resolution
SPIFI imaging.

1.1.1. Modulating the beam

Properly modulating the excitation or illuminating light sheet is key to forming an image with
SPIFI. As a first step in creating a light sheet, the excitation laser beam is focused through a
cylindrical lens and onto the mask. This produces our extended source: a line focus that, once
transmitted through the mask, results in an amplitude modulation that varies in rate as a func-
tion of position across the line. The modulation by the mask can be modeled through a simple
plane-wave analysis that treats the transmitted beams as a series of diffracted orders which can be
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described with the grating equation,

sin hj tð Þ
� �

� sin hinc½ � ¼ jfx tð Þk (1)

where j is the order of the diffracted beam, hj tð Þ is the angle of the diffracted beam, hinc is the
angle of the incident beam, fx tð Þ is the time dependent spatial frequency of the modulation mask,
and k is the wavelength of the incident light. When the incident beam is normal to the surface of
the mask, the equation can be simplified and solved to provide an expression for the angle of the
diffracted beams.

hj tð Þ ¼ arcsin jfx tð Þk
� �

(2)

Figure 1 shows the two transverse projections of the cylindrical lens, mask combination.
The top view shows that the mask pattern modulates the beam across the x dimension result-
ing in the diffracted orders. As stated earlier, we limit our discussion and analysis to
the three diffracted orders (�1, 0, þ1). The lower view shows the beam focusing in the y
dimension which is important for creating a sharp image of the mask pattern and maximizing
the lateral resolution of the spatial frequency imprinted on the beam. These diffracted orders
then pass through a simple 4-f system consisting of two spherical lenses as shown in
Figure 2.

At the object plane, interference between the j ¼ 0 and j ¼ 61 beams results in modulation at
a spatial frequency corresponding to the angle between the beams. The electric field at the object
can be approximately written as the sum of the plane waves corresponding to the diffracted
orders,

~Etot ~r , tð Þ ¼
X1

j¼�1
~Ej ~r , tð Þ (3)

where the electric field of the diffracted orders, ~Em, can be written,

~Ej ~r , tð Þ ¼ aj~E0cos ~kj tð Þ �~r � xopticalt
h i

(4)

where aj is the amplitude coefficient of the diffracted order, ~kj tð Þ is the k-vector of the diffracted
order, and xoptical the frequency of the light. The k-vector of the diffracted orders can be written
in terms of the k-vector of the initial beam and the angle of diffraction,

~kj tð Þ ¼ k0 �sin hj tð Þ
� �

x̂ þ cos hj tð Þ
� �

ẑ
� �

(5)

where k0 ¼ ~k0
�

�

�

� is the magnitude of the k-vector of the initial beam. Plugging in our solution for
hj tð Þ leads to,

Figure 1. A cylindrical lens is used to create a light sheet that is focused and passed through a mask modeled as a diffraction
grating. The upper figure is looking down on the system, the lower figure is the side view.
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~kj tð Þ ¼ k0 �fx tð Þjk x̂ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� fx
2 tð Þj2k2

q

ẑ

� 	

(6)

The modulation of the electric field, xoptical, occurs many orders of magnitude faster (typical

optical frequencies are on the order of 1014 Hz) than the bandwidth of the detectors being used

or the change in spatial frequency, so we can write the intensity of the beam,

I x, tð Þ ¼ I0 a0 þ 2a1cos 2pfx tð Þx
� �� �2

¼ I0a
2
0 þ 4I0a0a1cos 2pfx tð Þx

� �

þ 4I0a
2
1cos 2p 2fx tð Þ

� �

x
� �

(6)

where we have averaged out the time dependence of the electric field but kept the time depend-

ence of the spatial frequency since it is effectively constant over the period T ¼ 2p=xoptical: We

also neglected terms with jj j > 1, and assumed aþ1 ¼ a�1: Consequently, I x, tð Þ can be separated

into a DC term and terms corresponding to the interference between the 0 and 61 order terms

and interference between the þ1 and �1 order terms. The standard resolution image is formed

from the interference between the 0 and 61 terms,

I1 x, tð Þ ¼ 4I0a0a1cos 2pfx tð Þx
� �

(8)

and the enhanced resolution image is formed from interference between the þ1 and �1 terms.

The intensity of this term,

I2 x, tð Þ ¼ 4I0a
2
1cos 2p 2fx tð Þ

� �

x
� �

(9)

has twice the spatial frequency of the I1 x, tð Þ term. This process is visualized in Figure 3 which

depicts the interaction between wavefronts of the various diffracted orders.
In a typical imaging system, the maximum spatial frequency passed by the imaging system is

defined by the numerical aperture (NA),

fx, c ¼
NA

k
¼

nsin a½ �

k
(10)

where n is the index of refraction in the object region, a is the semi-aperture angle, and k is the

wavelength of light. Figure 3 illustrates how interference between the j ¼ 0 and j ¼ 61 terms

result in the cutoff frequency, fx, c, of a traditional imaging system, and how interference between

the j ¼ þ1 and j ¼ �1 rays results in the higher spatial frequency associated with the

enhanced resolution SPIFI images. In fact, the enhanced resolution is equivalent to doubling the

semi-aperture angle of the imaging system. This illustrates why SPIFI is such a powerful general

method especially when long working distances are required. For a more detailed theoretical

treatment see Higley et al.[12]

Figure 2. Orthogonal projections of illumination beam and its diffracted orders. The system is shown with lenses of equal focal
length to simplify the figure. The diffracted orders are imaged onto the object.
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1.1.2. SPIFI mask pattern

With a clear technique for producing a modulated beam on the sample, the next step is to choose a

pattern for the SPIFI Mask that facilitates image reconstruction. The pattern we use is adapted from

the Lovell reticle which has a linear relationship between modulation frequency and radial pos-

ition.[13–15] The mask needs to contain all of the spatial frequencies necessary to take advantage of the

NA of the imaging system, and the beam must sweep through these frequencies. The easiest way to
accomplish this is by encoding the pattern into a radial geometry. This allows the pattern to be

scanned through the beam by spinning the mask rather than altering the beam path.
The key to easily retrieving an image from the modulation pattern is the linear relationship

between the x position in the beam and the frequency of modulation in time. This can be

achieved with the equation,

m x, tð Þ ¼
1

2
þ
1

2
cos 2pjxtð Þ (11)

Where j is a spatial and temporal frequency parameter,

j ¼
fx,max

T
(12)

where fx,max is the maximum spatial frequency on the mask and T is the period of oscillation.

Figure 4(a) shows the 2D modulation pattern of Equation 11. As x increases, the temporal fre-

quency of the modulation also increases. To induce a time varying spatial frequency phase that

leads to a carrier frequency, the beam is offset from x ¼ 0 to x ¼ xc which shifts the image loca-

tion in the temporal frequency space (i.e., shifts the carrier frequency of the detected signal). This

can be written in terms of a shifted coordinate,

m x0, tð Þ ¼
1

2
þ
1

2
cos xct þ 2pfx tð Þx0

� �

(13)

where x0 ¼ x� xc and xc ¼ 2pfx,maxxc=T: We can convert this pattern to a radial representation

with the line focus of the illumination beam along the radius,

m q, hð Þ ¼
1

2
þ
1

2
cos fct þ fx,maxqhð Þ (14)

where q is the position of the beam along the radius of the spinning mask and h is the time depend-

ent angle of the mask. If the disk spins at a constant angular velocity x this can be written as,

m q, tð Þ ¼
1

2
þ
1

2
cos xct þ fx,maxxqtð Þ (15)

which is shown in Figure 4(b).

Figure 3. Diagram of interference between the diffracted orders. The standard resolution image is formed by interference
between the j ¼ 0 and j ¼ 61 orders. The enhanced resolution image is formed by interference between the j ¼ þ1 and j ¼
�1 orders.
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The full beam modulation system with the modulation mask is shown in Figure 5 which con-

tains an Optics Studio ray-tracing of the illumination system.

1.1.3. Signal collection and analysis

As stated, the net excitation intensity given at the focal plane of the optical system is a sum of a

DC term, interference between the j ¼ 61 and j ¼ 0 terms, and interference between the j ¼ þ1

and j ¼ �1 terms, as described in Equation 7. We can accommodate important effects such as

vignetting as the light sheets are scanned across the entrance pupil of the imaging system by col-

lecting the respective terms in 7 by a time dependent amplitude H(t), following the development

of Field et al.[3] Recast in this manner, Equation 7 simplifies to:

I x, tð Þ ¼ H0 tð Þ þH1 tð Þ cos 2p fx tð Þx½ � þH2 tð Þ cos 2p 2fx tð Þx½ � (16)

A key feature of SPIFI is the enhanced resolution capability. Again, it is quite general as it will

impact all contrast mechanisms and is already built into the system. There are no complex expos-

ure conditions or special optics that need to be met to push the resolution limits. This becomes

particularly clear with a simple analysis of the spatially integrated detected signal. The spatial

integral corresponds to collecting the signal from the image plane onto a single element detector.

The measured signal from our detector, S tð Þ, is given by spatially integrating the signal light

intensity, b x, tð Þ :

S tð Þ ¼

ð1

�1

b x, tð Þdx (17)

The signal light intensity is simply the product of the excitation intensity (16) with the optical

response of the chosen contrast mechanism(s) C(x). In the most general case, the intensity can be

driving the system in a linear or nonlinear fashion, hence the generalization of the functional

form of the excitation intensity in the expression below.

b x, tð Þ ¼ Ig x, tð ÞC xð Þ (18)

Retrieval of the one-dimensional image from the signal S tð Þ, is then quite straight-forward

and is shown in Figure 6. A simple Fourier transform of the signal (in this case g¼1) yields two

Figure 4. The SPIFI pattern for optimal image reconstruction. (a) The SPIFI pattern in time and spatial coordinates. Various posi-
tions along the x axis are modulated at different temporal frequencies, while maintaining a fixed spatial frequency at a given
point in time. (b) The radial extension of (a). When spun at constant angular velocity, this pattern modulates the beam in a way
that facilitates simple image reconstruction with a Fourier transform.
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images separated at two distinct carrier frequencies. In this case the image is of the laser

excitation source and reconstructs the Gaussian intensity profile of the laser beam. The

impressive utility of SPIFI is quite evident here: the first order standard resolution image is

isolated at one carrier frequency (in this example it is 24 kHz) and the second order

enhanced resolution image is isolated at twice that carrier frequency (in this case 48 kHz).

Once again, this all happens automatically with careful design of the SPIFI mask and atten-

tion to the sampling conditions. More generally, Field et al.[3] have shown that for multipho-

ton imaging modalities, an excitation process that scales as Ig (I being defined as the

excitation intensity and g defined as the order of the nonlinear process) results in spatial

resolution gains up to 2g below the diffraction limit!

Figure 5. Depiction of multiple views of the standard SPIFI optical system. (a) is an isometric view with (1) the waveplate con-
trolling the polarization of the beam at the entrance to the system, (2) cylindrical lens, (3) modulation mask, (4) relay lens, and
(5) the objective lens. The reticle pattern to the left of (a) shows an example modulation mask with the laser focus shown in red
along the radius. (b) shows a Y-Z view, and (c) shows the orthogonal X–Z view of the system. In all cases, the red, green, and
blue beams represent the three diffracted orders (�1, 0, þ1) considered for imaging.

Figure 6. Modeled 1 D SPIFI image showing the reconstructed first and second orders after a complete rotation of the modula-
tion mask. In this modeled example, the first order image is centered at a carrier frequency of 24 kHz, and the second at 48 kHz.
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1.2. Extension to multiple dimensions

It is possible to extend the modulation pattern projected onto the sample from a single dimension

to an arbitrary number of dimensions by sending multiple beams through the microscope and

individually rotating them to the desired set of angles at the sample plane. The beams can also be

offset axially by adding a defocus term to one beam relative to any other. As long as the beams

have a different carrier frequency, their reconstructed image will be separate after Fourier trans-

forming the collected signal. This can be accomplished by focusing two beams onto different por-

tions of the SPIFI mask as is shown in Figure 7.
The primary advantage of this scheme is the ability to retrieve the enhanced resolution image in

both dimensions simultaneously. SPIFI provides enhanced resolution in the direction along the

modulation axis of the beam, but while scanning either the object or the illumination beam during

image acquisition, the resolution in the perpendicular direction is determined by the spot diameter

and/or the step size between successive scans. In the microscope described below, two modulated

imaging beams are made incident on the object in orthogonal orientations so that enhanced reso-

lution is simultaneously generated in both lateral dimensions on the sample for the first time.

2. Microscope and machined modulation design

2.1. Optical components and microscope design

The laser used as the illumination source for this microscope was an all-normal dispersion

(ANDI) Yb-fiber oscillator[16] which has a central wavelength of 1040 nm. The microscope

(Figure 8) consists of two identical 100mm focal length cylindrical lenses (LCA1, LCA2) (Thorlabs

LJ1567L1-B) that are placed after a polarizing beam splitter (PBS) (Thorlabs PBS253) in both the

reflection and transmission directions. A half wave plate (HWP) is placed before the beam splitter

to control the power in both arms of the microscope. The laser is focused by these lenses to the

surface of the fused silica modulation mask (MM). Both arms 1 and 2 are then re-imaged in a 4-

f configuration by 75mm focal length lenses (L1A1, L1A2) (Thorlabs LA1145-B) which are placed

2f (150mm) from the substrate. Arm 1 has a 50mm lens (L2A1) (Thorlabs LA1131-B) placed

away from the image plane by its focal length, while Arm 2 consists of two 100mm focal length

Figure 7. Simple depiction of the laser positions on the machined modulation mask. (a) is a low resolution modulation mask
with the focal locations of both the horizontal (blue) and vertical (red) dimensions. (b) shows example configurations of the line
foci at the sample which may be desired for different scenarios.
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lenses (L2A2, L3A2) (Thorlabs LA1509-B). The first of which is placed 43mm from the image plane,

and the second is separated from the first by 78.8mm. This results in an effective focal length of

35.97mm. Arm 2 also has an uncoated N-BK7 dove prism (DP) (Edmund Optics 32–553) with a

clear aperture of 15mm. This prism is rotated to an angle of 45o with respect to the vertical direc-

tion, which rotates the modulated beam by 90o: The beams from each arm of the microscope are

then recombined and made co-linear with another polarizing beam splitter (Thorlabs PBS253). The

beams are imaged to the sample plane by an objective lens with a focal length of 125mm (OBJ)

(Thorlabs LA1384-B). In the current geometry with the dove prism at a 45o angle, the two beams

incident on the sample form an orthogonal cross pattern (Figure 7(b,i)), with the central points of

each beam overlapped. If desired, the prism in Arm 2 may be rotated to any angle to rotate the

beam by the desired arbitrary amount, or one beam may be moved relative to the other (as in Figure

7(b,i–iii)). When the image is made in the transmission direction, a 75mm focal length lens (LCol)

(Thorlabs LA1145-B) is placed behind the sample and focuses the light onto a photodiode where the

temporal data is collected and processed to form the final images.
By rotating the beam(s) after modulation the optical delivery system is simplified, as both

beams are incident on the mask at the same height and orientation with respect to the optical

table. This removes the need for any height adjustments (e.g., periscope) to make the beams co-

linear. The single modulation mask design also creates a system where there is no need for syn-

chronization between the collected temporal signals of the different projected dimensions. The

phase offset in the collected signal for each dimension is set by the angular difference of the two

beams on the modulation mask. In the system described here, the orthogonal dimensions are off-

set by exactly half of a revolution/scan of the modulation mask (180o).

2.2. Advantages of a single machined modulation mask design

One method of extracting two dimensional images from a SPIFI system has been demonstrated

by,[17] wherein two modulation masks are placed one after the other in orthogonal orientations.

In this scheme the 2D field of view is illuminated by the imaging beam and an algorithm is put

Figure 8. Layout of the multi-dimensional SPIFI microscope consisting of the two independent beam lines. The input is sepa-
rated by a polarizing beam splitter, where both lines are then focused to the modulation mask by cylindrical lenses. After modu-
lation, both beams are image relayed by their respective lenses and the objective lens to the sample plane through an
additional polarizing beam splitter which makes both arms of the microscope co-linear. Arm 2 also contains a dove prism (DP)
which can be rotated to an arbitrary angle, which makes this multidimensional imaging possible.

INTERNATIONAL JOURNAL OF OPTOMECHATRONICS 9



in place to extract the image from the cross terms generated by the interference of the

two dimensions.
For this new imaging system design, a single standard SPIFI modulation pattern was machined

from a 75mm diameter, 3mm thick fused silica substrate. The two beams used to form the final

image are made incident on the mask by two cylindrical lenses oriented with their axes of optical

power perpendicular to the horizontal radius of the modulation mask. This results in the line

focus created by each lens to be along the radius of the mask. The two beams are laterally

offset along the radius of the modulation mask by 55mm and each have a lateral extent of

5.3mm. This lateral separation and beam size create a situation where the two beams each are

comprised of a unique portion of the overall bandwidth of the modulation mask in addition to

the beams having distinct carrier frequencies. The unique frequency composition of each beam

makes it possible to simultaneously collect the modulated signal from both imaging beams with-

out the creation of cross terms in the collected signal between the dimensions which eliminates

any specialized algorithms for image reconstruction. By ensuring that there is no spatial overlap

between the beams in the single mask design, it is guaranteed that the frequency spaces of the

individual beams are unique. By following this simple constraint, any number of beams may be

focused onto the modulation mask and imaged to the sample without risk of one beam interfer-

ing with another in terms of the temporal signal generation.
Regardless of the modulation scheme used, it is crucial to sample the collected signal at a fast

enough rate to ensure that the maximum NA of the final imaging optic is exploited. Futia et al.[1]

detail the necessary temporal sampling rates of the detector signal to ensure the highest possible

spatial resolution in SPIFI.
By doing so, this ensures that the maximum resolution provided by the mask is obtained. As

an example, for the imaging system described in this paper, the detector signal was sampled at

>300 kHz, which is far above the rate required for the fundamental resolution reconstructed

images centered around 25–34 kHz. These signals only required of 50–68 kHz rate to satisfy the

Nyquist sampling constraints. It is also important to sample above the Nyquist frequency of the

enhanced resolution signals if the intent is to fully reconstruct the enhanced resolution images.

For this imaging system, the carrier frequencies of these enhanced resolution signals were 50 kHz

and 68 kHz which require 100 kHz and 136 kHz sampling rates respectively.
The reason why a set of line foci are used in this microscope as opposed to a 2D wide field

illumination comes down to simple photon economics. As an example, a two-photon excitation

fluorescence process (TPEF) can typically require illumination intensities of � 100 GW
cm2 : For scale,

this means that for a 1 mm spot size, a pulse with energy of �100pJ and a temporal duration of

100 fs is required. These parameters are attainable by use of solely an ultrafast laser oscillator.

When extended to a line focus with example parameters of 300mm by 1 mm, the pulse energy

required to meet the illumination intensity threshold rises to �30 nJ for a 100fs long pulse. Pulses

in the tens of nanoJoule range are also attainable by ultrafast laser oscillators. There is a large

step up in the required energy for illuminating a wide field with enough intensity for a TPEF

process, however. When considering a field of view of 300 mm by 300mm, it requires 100 fs

pulses with an energy of � 9 m J. These energies usually require an amplified ultrafast system and

are thus much less accessible.

2.3. Modulation mask machining and path generation

In order to machine the modulation mask for the microscope, the modulation equation is

sampled with the desired parameters in a binary fashion over the area of the substrate that will

be machined. Next, the resulting image is run through a morphological component analysis,

which separates all of the unique sections of the modulation pattern. A shortest tour algorithm is

run on each of the sections to create the path that the laser will traverse when ablating the
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pattern, and then all of the code for each of the sections are placed one after another. Care is

taken to ensure that when the machining laser has to transverse more than one diameter of the

focal spot from a single point to the next that the stages lift the substrate away from the focal
plane so that there is no unwanted ablation across the substrate.

Examples of this process can be seen in Figure 9. For illustration purposes, a low resolution

modulation mask is generated (Figure 9(a)). The pattern is then separated into its unique sections
(colors in Figure 9(b)) so the laser path can be generated for each portion individually. To travel

from one section to another, the laser spot is lifted out of the substrate and traverses the lines

shown in red within Figure 9(b).
Images of the transmission mask machining and the mounting bracket used to attach it to the

rotation motor can be seen in Figure 10, where Figure 10(a) was an image taken while the mask

was being machined, and Figure 10(b) shows the machined mask with the metal mounting

bracket installed.
The modulation mask substrate was machined with Dj ¼ 10mm�1 down to a minimum fea-

ture size of 7 mm by an amplified femtosecond laser with a central wavelength of 1040 nm and

pulse duration of 185 fs.[4,18] A spot size of 16 mm FWHM was used with an average power of
137mW (13.7 lJ

pulse
at a repetition rate of 10 kHz, pulsewidth of �200 fs) to ablate the fused silica

substrate. The total fabrication time was approximately 20 h.

3. Experimental data

3.1. Signal capture and image generation

Examples of the temporal signal generated by the two arms of the microscope can be seen in

Figure 11. The corresponding Fourier transforms of the two arms which highlight the lack of fre-

quency space overlap between the beams can be seen in Figure 12. These signals were collected
with no object placed at the sample plane of the microscope so that the undisturbed beam profile

of both imaging arms of the microscope could be collected. This was to ensure that the separ-

ation of the two beams on the mask was enough to separate their carrier frequencies and sup-
ported bandwidths. The results of this can be seen in Figure 12.

The temporal data was captured with a data acquisition card (DAC) from National

Instruments (NI-USB-6341) and a silicon photodiode from Thorlabs (DET100A Si Biased

Detector). The software used was a custom-built program that reads in the triggered temporal
time signal and records it to a data file while moving the translation stages in the appropriate

manner to form the 2D images for each arm of the microscope. The data collection card is

Figure 9. Depiction of a simple mask design showing the steps followed in order to machine the modulation masks. (a) Is the
standard pattern generated from Equation 14. (b) Shows the results of the morphological component analysis which splits the
pattern up into its unique sections. These are shown with different colors and numbers and are connected by red lines which
indicate when the laser is lifted out of the substrate and is translated to the next section of the mask.
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triggered for each image by an additional photodiode and a 635 nm diode laser is incident on the

surface of the modulation mask. The collected temporal signal is then processed, and Fourier

transformed into a frequency-space image where the standard and enhanced resolution images

can be viewed for each dimension.

3.2. Multi-dimensional images

Images were made with both arms of the microscope of an Air Force 1951 resolution target

in order to examine the resolution of the microscope. The calculated resolution of the system is

86 lm from Arm 1, and the resolution of Arm 2 is 63 lm. The measured resolution is between

Figure 10. Images of the modulation mask machining and mounting. (a) Shows the mask while it is machined by the femtosec-
ond laser, and (b) Shows the mask after installation of the mounting bracket that attaches to the rotation motor.

Figure 11. Example temporal data sets of both arms of the microscope collected in transmission through the image plane. (a) Is
representative of the data from Arm 1 of the microscope, and (b) Is the temporal data from Arm 2.

12 N. WORTS ET AL.



88.4mm and 78.8 mm for Arm 1 and 70.2mm and 62.5 mm for Arm 2 according to the groups

on the resolution target. Example images of the target are shown in Figure 13(a,c). Enhanced

resolution images were formed in both arms of the microscope as well and can be seen in Figure

13(b,d). The same section of the resolution target was imaged in both arms and the images were

then rotated post-collection to be in the same orientation.
A complete reconstructed image example of the AF resolution target is shown in Figure 14.

Figure 14(a) shows the 2D image which highlights both reconstructed image orders, and the red

line shows the location of the full 1D reconstructed image in Figure 14(b). This image demon-

strates experimental verification of the results in Figure 6, with the width of the second order

image being twice that of the first, in addition to the carrier frequency of the second order image

(68 kHz) being twice that of the first order image (34 kHz).
Additional images were also made of some portions of a machined structure that was ablated

on a microscope slide in order to further demonstrate the benefits of the enhanced resolution

capabilities of this imaging technique. Figure 15(a,b) show a situation where there are features

visible in the second order image which are not observable in the first order.

3.3. Example of potential application: Impact of multi-dimensional SPIFI for in-situ process

monitoring of additively manufactured components

The novel microscope design described in this paper may have a great impact on laser based

additive manufacturing (AM) technologies and other advanced manufacturing communities when

it comes to the challenge of developing in-situ optical process monitoring techniques. A review

by Everton et al.[19] describes the current state of the art within the field and states the many

challenges it faces when attempting to image a variety of AM processes including Laser Powder

Bed Fusion (LPBF) and Directed Energy Deposition (DED). Many current techniques involve

high speed 2D cameras which attempt to image the dynamic processes within a small field of

view (�500mm)[20] and generate hundreds of megabytes per second of image data. Multi-

dimensional SPIFI allows for single element detection of multiple imaging beams without the

need for a conventional camera, this allows for imaging with a decrease in the data rate that

needs processing as well as imaging over large fields of view (e.g., >20mm) with enhanced reso-

lution as described previously. In addition, by placing the multiple imaging beams in an

Figure 12. Examples of the two beam profile locations in frequency space. (a) Is a simple representation of the frequency con-
tent of the two imaging beams within the microscope (blue and red) relative to the overall frequency content of the modulation
mask (black). (b) Shows the reconstructed images of the beam profiles of both arms of the microscope which confirm sufficient
frequency space separation.
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Figure 13. Images of a 1951 AF resolution test target. (a,i–ii) are the standard resolution 2 D and 1D image of line pairs on the
resolution target formed by Arm 1 of the microscope, and (b,i–ii) are the corresponding enhanced resolution images. (c,i–ii) and
(d,i–ii) are the standard and enhanced resolution images from Arm 2 of the microscope.

Figure 14. Example images of a portion of an 1951 AF resolution target showing both first and second order reconstructed
images. (a) Is the full 2 D reconstructed image, with the red line representing the 1 D image shown in (b).
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Figure 15. Images of machined structures on a glass microscope slide. (a) and (b) are the 2 D and example 1 D standard reso-
lution images created by Arm 1 of the microscope, and (c) and (d) are the corresponding enhanced resolution images. (e) and (f)
are the enhanced and standard resolution images formed by Arm 2 of the microscope.

Figure 16. Depiction of imaging the melt pool in a LPBF process with the multi-dimensional SPIFI system. The central yellow
spot represents the melting laser creating a melt pool on the surface of the powder bed (gray spheres), with the movement dir-
ection indicated by the yellow arrow. The red and blue crossed-beams represent the two SPIFI imaging directions.
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orientation which is a variation of those shown in Figure 7(b) it is possible to simultaneously

examine arbitrary dimensions along the melt pool of a dynamic AM process. A simple depiction

of the proposed imaging conditions is shown in Figure 16.
The gain in data efficiency with the 2D SPIFI system is evident through straight forward com-

parisons. For example, a 2D SPIFI system with 512 pixels per cursor, when compared to a 2D

camera sensor with a 512 by 512 matrix of pixels, represents only 0.4 percent of the net pixels

(compared to the 2D camera sensor), and produces a higher resolution image. This reduction in

data makes it possible to envision realistic feedback control systems that can rapidly process the

high resolution image flow enabling real time correction of any flaws that are detected.
To date we have constructed a novel chamber system to test the approach detailed here. We

have signals off the powder bed and can track when the fusing laser modifies the powder. We are

presently designing and implementing a scanning system which when complete, will allow us to

fully vet the proposed application of SPIFI and explore its potential as an optical metrology tool

for advanced manufacturing in LPBF processing.

4. Conclusions

Multi-dimensional SPIFI images were generated and enhanced resolution was simultaneously dem-

onstrated in two orthogonal directions on multiple samples for the first time within a single micro-

scope system. The new technique may be expanded from two, to an arbitrary number of

modulated beams provided that their carrier frequencies and supported bandwidths are all offset by

the necessary amount so that signal from one dimension does not extend into another. This

method is significant, as multiple illumination beams with different characteristics (e.g., polarization,

wavelength, various imaging depths, etc.) can be imaged at the same time within a single platform.
By forgoing collection of an entire field of view and relying on scanning multiple modulated

line foci, nonlinear imaging modalities such as second harmonic generation (SHG), third har-

monic generation (THG), two photon excitation fluorescence (TPEF), etc. become more access-

ible, as the extremely energetic laser pulses needed to generate significant signal over the entire

imaging area are not necessary.
In addition, for a dynamic process such as imaging the melt pool formation during additive

manufacturing or dynamics that occur during other machining or imaging situations, it allows

the simultaneous imaging of multiple axes (e.g., laterally and longitudinally along an ablated

channel). The ability to visualize these processes as they occur could also allow for the implemen-

tation of a feedback control within the system to converge on the desired parameters in a more

rapid manner.
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