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(57) ABSTRACT 

An optical resonance imaging system includes a light emit
ting device to emit laser pulses onto a subject. The laser 
pulses include a first pulse and a second pulse to place the 
subject in an excited state. The laser pulses also include a 
third pulse to stimulate emission of one or more third order 
signals from the subject. The system also includes a spec
trometer to receive the one or more third order signals and 
to generate spectrum signals commensurate with intensities 
of the one or more third order signals. The system may 
further include circuitry configured to analyze the spectrum 
signals, generate one or more images of the subject based on 
the analysis, and construct one or more maps of positions of 
the subject based on the one or more images. 
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SYSTEMS AND METHODS FOR OPTICAL 
RESONANCE IMAGING 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] The present application claims the priority benefit 
of U.S. Provisional Patent App. No. 62/582,598 filed on 
Nov. 7, 2017, the entire disclosure of which is incorporated 
herein by reference. 

BACKGROUND 

[0002] Spectroscopy generally refers to the measurement 
and analysis of spectra that are produced when matter 
interacts with or emits electromagnetic radiation. Spectros
copy can be linear or non-linear. In linear spectroscopy, a 
light-matter interaction occurs responsive to a single inci
dent radiation field, and the interaction is treated as a linear 
response between the incident radiation and the matter. In 
non-linear spectroscopy, a multiple light-pulse sequence 
excites a subject to generate third order signals that are 
recovered to describe atomic and/or molecular structures, 
interactions and relaxation, and kinetics and dynamics of the 
subject. 

SUMMARY 

[0003] An illustrative optical resonance imaging system 
includes a light emitting device to emit laser pulses onto a 
subject. The laser pulses include a first pulse and a second 
pulse to place the subject in an excited state. The laser pulses 
also include a third pulse to stimulate emission of one or 
more third order signals from the subject. The system also 
includes a spectrometer to receive the one or more third 
order signals and to generate spectrum signals commensu
rate with intensities of the one or more third order signals. 
The system may further include circuitry configured to 
analyze the spectrum signals, generate one or more images 
of the subject based on the analysis, and construct one or 
more maps of positions of the subject based on the one or 
more images. 

[0004] An illustrative optical resonance imaging method 
includes emitting, by a light emitting device, a first pulse and 
a second pulse onto a subject to place the subject in an 
excited state. The method also includes emitting, by the light 
emitting device, a third pulse onto the subject to stimulate 
emission of one or more third order signals from the subject. 
The method also includes receiving, by a spectrometer, the 
one or more third order signals from the subject. The method 
also includes generating, by the spectrometer, spectrum 
signals commensurate with intensities of the one or more 
third order signals. The method also includes analyzing, by 
circuitry in communication with the spectrometer, the spec
trum signals, generating one or more images of the subject 
based on the analysis, and constructing one or more maps of 
positions of the subject based on the one or more images. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] Amore complete appreciation of the disclosure and 
many of the attendant advantages thereof will be readily 
obtained as the same becomes better understood by refer
ence to the following detailed description when considered 
in connection with the accompanying drawings, wherein: 
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[0006] FIG. 1 is a schematic view of an optical resonance 
imaging (ORI) system in accordance with an illustrative 
embodiment. 
[0007] FIG. 2 is a schematic view of laser pulses of the 
ORI system in accordance with an illustrative embodiment. 
[0008] FIG. 3 is a schematic view of an ORI image and a 
diffraction image generated by the ORI system in accor
dance with an illustrative embodiment. 
[0009] FIG. 4 is a schematic view of a hardware diagram 
of circuitry of the ORI system to realize personalized 
cosmetic compositions in accordance with an illustrative 
embodiment. 
[0010] FIG. 5 is a table of parameter values for an experi
ment conducted with the optical resonance imaging system 
in accordance with an illustrative embodiment. 
[0011] FIG. 6 depicts use of half of an optical compressor 
and half of an optical stretcher to create spatial chirp without 
temporal chirp, thereby ensuring, when focused onto the 
sample, an ultrafast duration of the third laser pulse with a 
pulse front tilt in accordance with an illustrative embodi
ment. 

DETAILED DESCRIPTION 

[0012] In traditional spectroscopy, optical devices relying 
on transient absorption (TA) ( e.g., TA microscopes) are often 
used to determine molecular structure, interactions and 
relaxation, and kinetics and dynamics of a subject at a 
nanosecond time-scale resolution. These conventional TA 
microscopes use two laser pulses to produce images. The 
first pulse excites the subject, and the second probes the 
subject. Conventional TA microscopes have designs analo
gous to any laser-based microscope, and by using femto
second laser pulses, they can extract time information. 
However, the ability of these conventional TA microscopes 
is limited to point-by-point measurements, meaning that 
data can only be acquired at one spot at a time, and the 
subject must be raster scanned to produce an image. 
[0013] Some conventional optical apparatuses rely on 
stimulated-emission depletion (STED) and use two laser 
pulses, one to excite the subject, and another toroidal-shaped 
pulse to deplete excitations from the larger laser spot. The 
remaining excitation is emitted from a smaller spot than the 
diffraction limit, thus generating super-resolution. 
[0014] Other conventional optical apparatuses rely on 
fluorescence-based super-resolution techniques, such as 
Photo-Activated Localization Microscopy (PALM) or Sto
chastic Optical Reconstruction Microscopy (STORM), 
which use spatial information from different emitters col
lected at different times to produce a super-resolution image. 
However, the conventional apparatuses relying on fluores
cence-based techniques cannot generate super-resolution 
images with femtosecond temporal resolution because fluo
rescence occurs on a nanosecond timescale. Other conven
tional apparatuses rely on near-field techniques, like Near
field Scanning Optical Microscopy (NSOM), which must 
perform raster scanning measurements over different posi
tions at different times to build up an image from individual 
points. 
[0015] Described herein are optical resonance imaging 
(ORI) methods and systems which overcomes the aforemen
tioned limitations in traditional imaging. More specifically, 
described herein is an optical resonance imaging system that 
includes a light emitting device to emit laser pulses on a 
subject, where the laser pulses include a first pulse and a 
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second pulse to place the subject in an excited state, and a 
third pulse to stimulate emission of third order signals. The 
system also includes a spectrometer to receive the third 
order signals and provide spectrum signals commensurate 
with intensities of the excitement signals. The system further 
includes circuitry configured to receive the spectrum signals, 
analyze the spectrum signals, and generate maps of atomic 
positions of the subject based on the images. As used herein, 
'third order signals' can refer to photon echo signals (i.e., 
rephasing signals) and/or free induction decay signals (i.e., 
non-rephasing signals). 
[0016] The proposed ORI system inherently uses a wide
field technique, allowing for the acquisition of multiple data 
points at once. As such, points within the image are coher
ent, which prevents artifacts that result from point-by-point 
collection. A wide-field technique also collects more points 
in a single measurement. Additionally, by relying on three 
laser pulses to investigate the subject, the ORI system is 
capable of producing a spectrum at every point. Such a 
feature provides more information about the spectral dynam
ics than conventional TA microscopes since it allows for 
resolution of the pump frequency. 
[0017] The proposed ORI system also utilizes pulse front 
tilt in at least one laser, and generates super-resolution 
images that are not limited by the diffraction of the optics, 
as in conventional TA microscopes. As such, the ORI system 
is able to map a lateral spatial coordinate of the subject to the 
emission time of the signal, and the ultrashort character of 
the tilted pulse at the subject ensures that the emission of a 
third order signal will occur at different times. 
[0018] Referring now to the drawings, wherein like ref
erence numerals designate identical or corresponding parts 
throughout the several views, FIG. 1 is a schematic view of 
an optical resonance imaging (ORI) system 1000 in accor
dance with an illustrative embodiment. FIG. 2 is a schematic 
view of laser pulses of the ORI system in accordance with 
an illustrative embodiment. FIG. 3 is a schematic view of an 
ORI image and a diffraction image generated by the ORI 
system in accordance with an illustrative embodiment. 
[0019] The ORI system 1000 emits laser pulses 2000 
toward a subject 100 and generates ORI images based on 
responses to the emitted laser pulses 2000. In an illustrative 
embodiment, the ORI system 1000 maps positions of atoms, 
molecules or defects in the subject 100 with laser pulses 
2000 to provide molecular structure, interactions and relax
ation, and kinetics and dynamics of the subject 100 with a 
femtosecond or nanosecond time-scale resolution. 
[0020] The ORI system 1000 includes a light emitting 
device A-1000 that sends laser pulses 2000 to the subject 
100, an optical receiving device B-1000 that receives 
focused third order signals generated by the subject 100 in 
response to the laser pulses 2000, and a spectrometer C-1000 
that receives the focused third order signals and provides 
spectrum signals commensurate with intensity of the third 
order signals. The ORI system 1000 also includes circuitry 
D-1000 that receives and analyzes the spectrum signals to 
provide ORI images and diffraction-limited images (FIG. 3) 
commensurate with positions of atoms, molecules, or 
defects of the subject 100. 
[0021] In an illustrative embodiment, the laser pulses 2000 
include a first pulse A-2000, a second pulse B-2000, and a 
third pulse C-2000. The first pulse A-2000 and the second 
pulse B-2000 place the subject 100 in an excited state while 
the third pulse C-2000 stimulates optical emission of the 
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third order signals. In another illustrative embodiment, the 
first pulse A-2000 and the second pulse B-2000 can be 
substantially non-tilted and separated by a time -i:. 

[0022] The third pulse C-1000 can be separated from the 
second pulse B-2000 by a time T and is characterized by a 
pulse-front tilt, which hits different parts of the subject 100 
at different times to have the third order signals emitted from 
these different parts at different times. The time difference 
between the third order signals imposed by the pulse-front 
tilt of the third pulse C-2000 provides information commen
surate with the positions of the atoms, molecules or aspects 
of the material of the subject 100. 
[0023] In addition, the pulse front tilt has an angle y and 
a focused spot size Wfof the intensity front of the third pulse 
C-1000, as illustrated in FIG. 2. The angle y can be between 
60° and 90°, and preferably between 70° and 90°, and more 
preferably between 80° and 90°, with a grating A-1310 
having a line density between 1000 lines/mm and 4000 
lines/mm and an incident angle between 20° and 80°. In 
alternative embodiments, different angles and/or line densi
ties may be used. 
[0024] The timing between the first pulse A-2000, the 
second pulse B-2000, and the third pulse C-2000 (i.e., -i: and 
T) can provide a complete measurement of the ORI images 
and a degree of freedom unavailable in conventional micros
copy apparatuses (e.g., in pump-probe microscopy). 
[0025] The light emitting device A-1000 includes a laser 
A-1100 to generate the laser pulses 2000, pre-grating optics 
A-1200 to receive the incident beam and generate a focused 
incident beam, an optical tilt system A-1300 to receive the 
focused incident beam and generate angular dispersion, and 
post-grating optics A-1400 to receive and focus the angular 
dispersion on the subject 100. It is known that angular 
dispersion and pulse-front tilt are Fourier conjugates, mean
ing that angular dispersion that exists in the position
frequency domain is pulse front tilt in the position-time 
domain. 
[0026] In addition, the light emitting device A-1000 
includes a local oscillator A-1500 that emits local oscillator 
pulses (LO) D-2000 that are used by the spectrometer 
C-1000 and/or the circuitry D-1000 as reference pulses to 
measure arrival time differences tLo between the third order 
signals and the local oscillator pulses (LO) D-2000 via 
software instructions executed by the circuitry D-1000. 
[0027] The pre-grating optics A-1200 and the post-grating 
optics A-1400 can be any set of focusing optics that focuses 
the incident beam and the angular dispersion such as lenses, 
focusing mirrors, one or more microscope objectives, etc. As 
one example, the post-grating optic A-1400 can be a 4f 
imaging configuration. 
[0028] The optical tilt system A-1300 can be any optical 
device that receives the focused incident beam and generates 
a pulse front tilt. For example, the optical tilt system A-1300 
can be a gratingA-1310, a series of gratings, grisms, and/or 
prisms that can generate angular dispersion, or virtually
imaged phased array (VIPA), and/or an etalon. 
[0029] Alternatively, the optical tilt system A-1300 can 
include a pulse shaper A-1320 that generates spatial chirp 
beams and a dispersive medium A-1330 to receive the 
spatial chirp beams (e.g., a glass prism) and generate the 
pulse-front tilt of the third pulse C-2000. The pulse shaper 
and the dispersive medium generates the pulse front tilt via 
the product of spatial-chirp and group-delay dispersion. 
Spatial chirp can also be generated by first creating angular 
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dispersion and then using focusing optics ( e.g., a lens or 
other focusing optic) to collimate the generated beam. 

[0030] The first pulse A-2000 and the second pulse 
B-2000 are separated by the time period -i: and prepare a 
population state that evolves for the waiting time T. The 
third pulse C-2000 stimulates emission of the third order 
signals from the subject 100. Since the third pulse C-2000 
has significant pulse-front tilt, different parts of the subject 
100 will emit the third order signals at different times. In 
FIG. 2, the right portion of the figure shows a plot of the 
calculated spatial and temporal extent of the third pulse 
C-2000 with pulse-front tilt, focused at the sample using 
f/0.5 optics. The contours are plotted for the pulse intensity. 
A representative phase front of the third pulse C-2000 is 
illustrated by the dashed black line, the angle y defines the 
pulse-front tilt, W f is the focused spot size, and T f is the 
length swept out by the pulse-front tilt. At the focus, the Full 
Width Half Maximum (FWHM) of the tilted pulse in the 
direction of propagation is substantially equal to 15 fs, the 
same as for the first pulse A-2000 and the second pulse 
B-2000. In alternative embodiments, a different FWHM may 
be used. 

[0031] In FIG. 3, the calculated ORI image and a diffrac
tion-limited image are illustrated. The ORI image is in thick 
solid lines, with the dipole source positions identified with 
thin solid lines. The difference in the peak centers returns the 
spacing of the emitters. The diffraction-limited image of a 
set of individual, incoherent emitters located at the positions 
of the thick solid lines and imaged with f/2 optics is shown 
in the filled trace behind. The bottom portion of the figure 
shows an optical system that generates the ORI signals. 

[0032] In an illustrative embodiment, the disclosed ORI 
system 1000 can be a direct optical analog of a magnetic 
resonance imaging (MRI) device. The proposed pulse 
sequence for ORI maps space to time and recovers an image 
from a heterodyne-detected nonlinear third order measure
ment. As opposed to traditional third order signal measure
ments, the third pulse C-2000 in the laser pulses 2000 has 
significant pulse-front tilt that acts as a temporal gradient. 
This gradient couples space to time by stimulating the 
emission of a third order signal from different lateral spatial 
locations of the subject 100 at different times, providing 
widefield ultrafast microscopy. As discussed above, as used 
herein the term 'third order signals' can refer to photon echo 
signals (i.e., rephasing signals) and/or free induction decay 
signals (i.e., non-rephasing signals). 

[0033] The diffraction limit of the optics in the system is 
circumvented by mapping the lateral spatial coordinate of 
the subject 100 with the emission time of the third order 
signal, which can be measured to high precision using 
interferometric heterodyne detection. This technique is thus 
an optical analog of MRI, where magnetic-field gradients are 
used to localize the spin-echo emission to a point below the 
diffraction limit of the radio-frequency wave used. The ORI 
signals are calculated using the laser pulses 2000 having 
approximatively 15 fs pulses and the third pulse having 
approximatively 87° of pulse-front tilt, collected using f/2 
optics and find a two-point resolution of approximatively 
27 5 nm using approximatively 800 nm light that satisfies the 
Rayleigh criterion. A general equation for resolution in 
optical resonance imaging that indicates how super-resolu
tion imaging using this technique is derived below. The third 
order signals also enable spectroscopic determination of the 
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input and output energy. The technique thus correlates the 
input energy with the final position and energy of the 
exciton. 

[0034] Two key concepts from ultrafast nonlinear spec
troscopy enable ORI measurements-the stimulated emis
sion of a third order signal, and interferometric heterodyne 
detection. A third order signal results from a third-order 
nonlinear optical process. Three separate interactions of the 
subject 100 with an optical electric field (in this case, three 
laser pulses A-2000, B-2000, and C-2000) generate a polar
ization, pC3 l(-i:, T, tR), in the material that emits a signal, 
EC3 ls,g, where -i: is the time between the first pulse A-2000 
and the second pulse B-2000, T is the time between the 
second pulse B-2000 and the third pulse C-2000, and tR is 
the time after the third pulse C-2000 interacts with the 
subject 100. Third-order perturbation theory ultimately 
shows that pC3l(-i:, T, tR) is the time-ordered convolution of 
the material response function, RC3 l(-i:, T, tR), with the three 
laser pulses (the first pulse A-2000, the second pulse 
B-2000, and the third pulse C-2000) that interact with the 
subject 100 at different times. In the impulsive limit, where 
the laser pulse duration is much shorter than the timescale of 
the dynamics of interest, the laser pulses 2000 can be 
thought of as delta functions, yielding a direct measurement 
of the response function. The third order response can be 
isolated experimentally from other contributions to EC3ls,/t) 
by using a phase-matching geometry of the input beams that 
selects for the rephasing Liouville space pathways. 

[0035] Beams with pulse front tilt have a non-separable 
coupling between space and time that results in the intensity 
front of the beam having an angle relative to the phase front. 
FIG. 2 shows the calculated intensity profile focused at the 
subject 100 position of a beam that has pulse front tilt, with 
y the angle between the pulse-front and the phase front. The 
electric field of a beam containing pulse front tilt can be 
written as E(x, t)=Ex(x)E,(t-px), where Ex is the spatial 
component in a direction perpendicular to the direction of 
propagation, E, is the temporal component, and p is the 
coupling term representing pulse front tilt. Thus, the arrival 
time of the electric field is also a function of the position 
along the beam. When a laser pulse with pulse front tilt is 
incident on a subject 100, different parts of the pulse interact 
with different parts of the subject 100 at different times. This 
can be thought of as a time-dependent local spot size that 
sweeps across the diffraction-limited, time-integrated focal 
spot. 

[0036] The pulse sequence used for ORI can be seen in 
FIG. 2. The pulse order and phase-matching condition can 
be similar or identical to a third order pulse sequence used 
in 2D electronic or infrared spectroscopy. The ORI pulse 
sequence differs from the sequence used for a conventional 
third order in that the first pulseA-2000 and the second pulse 
B-2000 have no pulse front tilt, while the third pulse C-2000 
that stimulates the coherent emission and generates the third 
order signal has a large angle of pulse front tilt. The pulse 
front tilt of the third pulse ensures that emission from 
different parts of the subject 100 is stimulated at different 
times. This approach introduces a coupling between space 
and time into the third-order response of the system such that 
R C3 l(-i:, T-px, tR). 

[0037] To make this coupling between space and time 
possible, one must deliver a pulse with pulse front tilt to the 
subject 100 and have it retain its ultrashort character. One 
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way to generate pulse front tilt can be found by considering 
Equation (1) below and use of the Fourier transform of both 
space and time: 

ff dx dt Ex(x)E,(t-px)iw,,;kxx~f dx Ex(x)E(w)e-
;wpxe;kxx~E(kx-pw)E(w), (1) 

[0038] In Equation (1), two uses of the shift theorem of 
Fourier analysis have been used. It is apparent that dw/dk=p, 
which is closely related to angular dispersion, d80 /dk=p/ko, 
where 80 is defined as the propagation angle. The angular 
dispersion gained by a beam after diffracting off of a grating 
will generate pulse front tilt when that beam is re-imaged. 
Experimental results in the literature have shown that when 
the grating generating the third pulse C-2000 is appropri
ately imaged, the imaged pulse retains its femtosecond 
character across its entire focal spot. Pulse front tilt can also 
be generated from the product of spatial chirp and group 
velocity dispersion in a beam. 
[0039] In another embodiment, an optical tilt system of the 
light emitting device includes one half or a whole optical 
compressor and one half or a whole optical stretcher to 
ensure a femtosecond duration of the third pulse with pulse 
front tilt. FIG. 6 depicts use of half of an optical compressor 
and half of an optical stretcher to create spatial chirp without 
temporal chirp, thereby ensuring, when focused onto the 
sample, an ultrafast duration of the third laser pulse with a 
pulse front tilt in accordance with an illustrative embodi
ment. In one embodiment, a whole optical stretcher and a 
whole optical compressor are used. Alternatively, a one half 
optical stretcher and a one half optical compressor may be 
used as shown in FIG. 6. As used herein, an ultrafast 
duration can refer to any amount of time value between 1 
femtosecond and 999 picoseconds. 
[0040] In one embodiment, the tilted beam profile of the 
third pulse C-2000 is calculated at the focus of an image
producing optical system by propagating a Gaussian beam 
through an optical system calculated using the Kostenbauder 
extension to ray-transfer matrices. The result is shown in the 
right portion of FIG. 2. 
[0041] The Kostenbauder matrices allow one to follow 
spatio-temporal couplings as a beam propagates through an 
optical system. Traditional ray-transfer linear algebra 
involves two-dimensional vectors ( containing position and 
angle) and 2x2 ABCD matrices that represent the operations 
performed by different optical elements. Kostenbauder 
extended this analysis to include frequency and time using 
4-dimensional vectors and a 4x4 matrix as shown in Equa
tion (2) below: 

axout (2) 
A B 0 

8fin 
X X A B 0 E X 

e C D 0 
a0out e C D 0 F e a fin 

a tout a tout a tout 
G H 

f out axin a0in a fin f ;n 0 0 0 f ;n 

0 0 0 

whereA,B,C,D are defined in the same way as in the 2x2 ray 
transfer matrices. 
[0042] A Gaussian beam can be propagated through an 
optical system where the optical elements are represented by 
these matrices and the explicit inclusion of frequency and 
time enable calculations of beams with spatio-temporal 
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coupling. The pulse plotted in FIG. 2 was calculated by 
starting with an initial beam radius of 5 mm, and a 15 fs 
FWHM pulse centered at 800 nm. A focusing optics matrix 
transformation allows one to calculate the beam spot at the 
grating position. A grating with 2000 lines/mm and an 
incident angle of 42° was used to generate angular disper
sion in the calculated field. This calculated electric field was 
propagated through an optical system that included two 
focusing optics spaced by the sum of their focal lengths, and 
the result shows that an ultrashort tilted pulse can be 
delivered to the focus of an optical system. The third pulse 
C-2000 can only be focused down to the diffraction limit, 
denoted as Wf in FIG. 2. However, the pulse-front tilt 
ensures that sub-diffraction-limited parts of the third pulse 
C-2000 will interact with the subject 100 at different times. 
The interference between different colors incident from 
different angles generates a transform-limited pulse over a 
sub-diffraction limited area. 
[0043] Since the angle of pulse front tilt, y, is defined as 
the angle of the intensity front of the third pulse C-2000 with 
respect to the phase fronts, y can be calculated from the 
beam profile shown in FIG. 2 via the inverse tangent. Thus, 

where W f and T fare labeled in FIG. 2, and correspond to the 
size of the focused spot and the time it takes the beam to 
sweep over that spot respectively. In the above relation, c is 
the speed of light. The successful encoding of space into the 
time-dependent polarization, pC3\t, T-px, tR), in the subject 
100 ensures that different parts of the subject 100 will emit 
a third order signal at different times. The three time 
intervals upon which pC3 l depends result from the different 
arrival times of three independent ultrafast pulses. Thus, in 
addition to the spatial information, pC3 l also contains all the 
spectral information that is contained in a measurement such 
as 2D electronic spectroscopy assuming that all time inter
vals are scanned. 

[0044] Interferometric heterodyne detection of the signal 
field, EC3 ls,g, measures the precise arrival time of the third 
order signals compared to the local oscillator pulses (LO) 
D-2000 of the local-oscillator A-1500. As in 2DES, a set of 
optics, often in a 4f imaging configuration, collect the 
emitted signal and focus both the third order signals and the 
local oscillator pulses (LO) D-2000 into the spectrometer 
C-1000. The spectrometer C-1000 converts the time-domain 
signals into the frequency domain and the resultant inter
ference pattern between the LO and the signal is measured 
on a square-law detector. The frequency-domain signal on 
the detector can be expressed in Equations 3-5, as follows: 

(3) 

(4) 

(5) 

where cp is the phase difference between EC3 l sig and ELo, and 
the shift theorem of Fourier analysis is used to go from 
Equation (3) to Equation ( 4). If cp is nonzero, it can be set to 
zero through a phasing procedure in post-processing of the 
data. The order of operations, a Fourier transform followed 
by taking the absolute square, reflects the experimental 
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detection process, and I Lo and I,,g are the intensity of the LO 
and the signal pulses, respectively. The I,,g contribution is 
weak enough that it does not contribute to the measured 
signal, and ILo produces a constant signal that can be 
removed experimentally in a variety of ways. Lock-in detec
tion can remove this contribution, as can filtering in the 
conjugate Fourier domain (the time domain) of the signal, 
tw. In this domain, ILo can be seen as interference between 
ELo with itself, and this homodyne process appears at time 
tw=0. The measured interference between EL0 (w) and EC3 l 

s,g( w) is modulated by the difference in arrival time between 
the LO and the signal, and appears at time tw =tLo· As such, 
this interference pattern generates a direct measurement of 
the time between the LO and the signal. In addition, as long 
as tLo is greater than zero, the final term in Equation (5) that 
contains the information about the third-order molecular 
response of the subject 100 can be isolated. 
[0045] In an optical resonance imaging measurement, 
interferometric heterodyne detection allows discrimination 
between arrival times of signals from different parts of the 
subject 100. Repeating the same mathematical analysis 
above for a signal with pulse front tilt results in Equations 
6 and 7 below: 

(6) 

(7) 

where cp is assumed to be substantially null. 
[0046] The value Ew(w) is simply the amplitude at a 
given frequency, and it can be found from the measurement 
of ILo, since IL 0 =1EL0 (w)l 2

. Using this information in 
combination with the simplification of S( w) discussed 
above, the signal that contains the spatial information can be 
written as Equation 8: 

(8) 

where in the last step tL0 =0. In an ORI measurement, tLo 

represents the difference in arrival time between the local 
oscillator pulses (LO) D-2000 and the start of the tilted 
signal pulse as shown in FIG. 2. Since tLo can be thought of 
as a constant phase, it can be substantially equal to zero. 
[0047] Generating the final image can be accomplished 
with a final Fourier transform of Eqn. (8) back to the time 
domain, resulting in Equations 10-12: 

(10) 

(11) 

(12) 

where S,mag/t)- corresponds to one side of the time axis 
generated by the Fourier transform. The other side of the 
axis can be ignored since it contains identical information 
because the signal field is a real valued function. Thus, the 
spatial information encoded into the signal can be extracted 
from the measured experimental data. Since the bandwidth 
of the transition that generates EC3 l sig is not infinite, it can 
impose a fundamental limit on the resolution of the instru
ment. 
[0048] To assess the feasibility of this approach, the elec
tric field emitted by a finite number of point emitters was 
simulated. The subject 100 was divided into 5 nm blocks. 
Each block represents a dipole (e.g., a collection of mol
ecules or atoms) that interacts with the first pulse A-2000 
and the second pulse B-2000, placing the system in an 
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excited state from which the third pulse C-2000 generates 
the third order signals. The size of the illuminated area is 
determined by W f from FIG. 2, as the spot size of the first 
pulse A-2000 and the second pulse B-2000 can be set to be 
larger than W f· The magnitude of a third order signal EC3

) sig 

scales as shown in Equation 13: 

(13) 

so that if IE1 1 and IE2 1 are roughly constant, then the 
Gaussian width across W f scales the magnitude of the 
stimulated emission generated by the third pulse C-2000. 

[0049] The emitted polarization in the subject 100 can be 
approximated as a dipole source because the size of a single 
emitting block is much smaller than the wavelength oflight. 
A dipole field with a carrier-wave wavelength of 800 nm, 
and a Gaussian temporal envelope that has a FWHM of 15 
fs in the paraxial approximation can be simulated, where a 
spherical wave is represented by a complex quadratic phase. 
A 15 fs pulse duration is equivalent to a transition with 60 
nm of bandwidth centered at 800 nm. The electric field in the 
spatial dimension with pulse front tilt, perpendicular to the 
optical axis as a function of time is calculated. To simulate 
what the signal will look like at the detector, the emitted 
dipole field is propagated through an f /2 optical imaging 
system using Fourier optics to simulate focusing the signal 
into the spectrometer and then perform the operations out
lined mathematically above that simulate interferometric 
heterodyne detection with a 15 fs FWHM for the local 
oscillator pulses (LO) D-2000. 

[0050] The results of this simulation, shown in FIG. 3, are 
calculated for a pair of emitters spaced by 275 nm. This 
separation satisfies the Rayleigh criterion for identifying 
distinct point sources. The image produced by the ORI 
simulation is plotted as the thick solid line in FIG. 3. The 
black lines 300 plotted in the figure correspond to where the 
expected peak centers are based on the simulation settings. 
FIG. 3 also shows the diffraction-limited image generated in 
these calculations. 

[0051] The result in FIG. 3 demonstrates that ORI can 
resolve structures below the diffraction limit of the optics 
used in the experiment. As seen in FIG. 3 for f /2, diffraction
limited imaging only yields one feature, while ORI can 
resolve two features using these optics, spaced below the 
diffraction limit off /0.5 optics. The limits placed on spatial 
resolution then become dependent upon the separation in 
time of the emitted signal from different parts of the subject 
100 under study. In any real optical system, the physical 
optics cannot collect all possible steradians of an emitted 
signal. However, in ORI, if the signals are measurably 
separated in time, this will determine the resolution and not 
the numerical aperture of the collection optics. As such, for 
the simulation of the signal shown in FIG. 3, a smaller 
number of solid angles can be calculated and, because of the 
spacing of the emitted spherical waves in time, used to 
accurately measure the spacing of the two point emitters 
below the diffraction limit. 

[0052] Thus, the proposed optical resonance imaging can 
overcome the diffraction limit of the optics used and offers 
the potential for super-resolution imaging. It is also possible 
to write a general equation that specifies the resolution of an 
image generated with ORI. Given the definition of pulse 
front tilt used above results in Equations (14) and (15): 
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c·T1 
pc= tany = 11/r' 

P= TI 
w' f 

(14) 

(15) 

where c is the speed of light, and T f and W f are defined in 
FIG. 2. To generate an image, the instrument must be able 
to distinguish between different points emitted by the subject 
100 as a function of time. The maximum possible number of 
independent time points that can be measured across the 
emitted signal, N, can be written as Equation (16): 

(16) 

where 't
5 

is the FWHM of the signal. This is true as long as 
the pulse duration of the local oscillator pulses (LO) D-2000 
is as short or shorter than the temporal duration of the 
emitted signal. Since different portions of the subject 100 
emit at different times, the lateral spatial resolution Or) of the 
experiment can then be thought of as the number of inde
pendent points measured across the focused spot size, as 
shown in FIG. (17): 

(17) 

[0053] Additionally, Equation (15) can be used to find 
lateral spatial resolution as set forth in Equation (18) below: 

(18) 

[0054] The result in Equation (18) shows that the resolu
tion in an ORI experiment only depends upon the pulse front 
tilt applied and the temporal duration of the subject 100 
response (put equivalently, the emission bandwidth of the 
subject 100). As such the resolution of an ORI image will 
improve with larger pulse front tilt and faster subject 100 
response. For the results discussed in this work, using f/0.5 
optics to generate angle of y substantially equal to 87 
degrees produces a pulse front tilt of 0.0636 fs-nm- 1

. For a 
value ofi:

5
=15 fs, a resolution of240 nm, independent of the 

wavelength of the light is found. 
[0055] The value of p in Equation (18) is the pulse front 
tilt of the emitted signal. This result is derived assuming that 
the pulse front tilt of the third pulse C-2000 is equal to the 
pulse front tilt of the emitted signal. The above result is quite 
general, implying that the pulse front tilt of the signal is 
independent of the method in which pulse front tilt is 
delivered to the subject 100. This presents opportunities to 
significantly improve the resolution if systems generating 
significant pulse front tilt of the emitted signal are used. 
[0056] Excitons generated by the absorption of photons 
are routinely studied with nonlinear spectroscopy, however 
they cannot be imaged directly because traditional tech
niques are unable to achieve the requisite spatio-temporal 
resolution. Excitation imaging with ultrafast temporal reso
lution offers new insights into the process of energy transfer 
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and offers a tool to design and control how energy moves 
through materials. 
[0057] Most experiments that can measure dynamics on 
femtosecond-to-nanosecond timescales remain diffraction
limited. Some recent work has demonstrated super-resolu
tion pump-probe microscopy; however, such techniques are 
still limited to raster scanning a beam across the subject 100 
to generate an image. In comparison, the proposed ORI 
system generates a widefield image since different parts of 
the subject 100 emit at different times and contribute to 
different parts of the image. Resolution is thus decoupled 
from wavelength and is determined by the bandwidth of the 
emitter and pulse front tilt emitted by the subject 100. 
[0058] A single ORI experiment to extract spatial infor
mation from the subject 100 can be performed for fixed time 
intervals, -c, T, and tR. In this fashion, each acquisition will 
have temporal resolution on the order of the pulse-front tilt 
(ps ), while a series of images has temporal resolution limited 
by the length of the untilted pulse (e.g., 15 fs) or the 
molecular response function, whichever is longer. Changing 
the waiting time changes the population evolution, analo
gously to pump-probe spectroscopy (or microscopy). 
Instead of looking at spectral changes, the proposed ORI 
system images the changes in the subject 100. An opto
mechanical delay line can be used to control T out to the 
nanosecond regime or beyond. 
[0059] In certain embodiments, the ORI system can be 
used to spectroscopically resolve the input and output 
energy. In one implementation, ORI is a third-order nonlin
ear system. Therefore, the timing between all three pulses 
(the first pulse A-2000, the second pulse B-2000, and the 
third pulse C-2000) can be experimentally controlled such 
that a complete measurement of the ORI response function 
RC3 l(1:, T, tR) will also contain spectral information. The 
ability to vary the time between the first pulse A-2000 and 
the second pulse B-2000 is a degree of freedom unavailable 
in pump-probe microscopy, and Fourier transforming along 
this coordinate can produce spectral information along the 
"pump" axis in the same way as two-dimensional electronic 
spectroscopy. In addition, the heterodyne-detected data in 
the frequency domain produces the spectral information 
contained in the signal. Assignment of different spectral 
features is possible from two-dimensional electronic spec
troscopy, and when combined with this extra experimental 
handle, optical resonance imaging thus correlates the input 
energy with the final position and energy of the exciton. 
[0060] Kostenbauder simulation of an embodiment of the 
third pulse C-2000 is described below. The Kostenbauder 
matrix as defined in Equation (2) can be used to calculate 
how a variety of different optical elements affect the propa
gation of a Gaussian beam. Mirrors and distance propagators 
are defined in the same way as ABCD matrices with terms 
E, F, G, H, and I (as defined in Equation (2)) equal to zero, 
since mirrors and lenses do not generate spatio-temporal 
couplings. A diffraction grating is represented as Equation 
19: 

sin¢ 
0 0 0 

(19) 

sini/t 
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sini/t 

0 
A cos¢~ cosift 
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where 1.jJ and cp are the input and output angles defined 
relative to the grating surface in the same way as in 
reference. 
[0061] The electric field of a Gaussian beam can be 
described in terms of Q-matrices such that (Equation (20)): 

(20) 

[0062] The initial Q-matrix, Q,n is given by Equation (21): 

(21) 

where (Equation (22)): 

- 7r 1 
Qxx = -i AoR(z) - w(z)2' 

(22) 

(23) 

and the off-diagonal terms are zero since the pulse begins 
with no spatio-temporal coupling. In the above equations, A0 

is the center wavelength, R(z) is the radius of curvature, 
w2 (z) is the beam radius, ~ is the spatial chirp, and -c, is the 
temporal FWHM of the pulse, and there is no spatial chirp 
in the initial beam. The Kostenbauder matrix representing 
the optical system can be found by taking the product of the 
optical elements as shown in Equation (24): 

(24) 

where 1 denotes a focusing optic (e.g., lens) operator, d a 
distance propagation operator, and g the grating operator. 
Given Q,n and the matrix K, one can calculate Equation (25): 

(25) 

[0063] The value calculated for Qsample can be fed into 
Equation (20) to calculate the electric field at the sample. 
The data plotted in FIG. 2 are the intensity of the electric 
field, IE(x, t)l 2

. The specific choices of values for the 
simulation plotted in FIG. 2 can be found in the table set 
forth in FIG. 5. In the FIG. 5 table, a) represents spacing 
between lines on diffraction grating, b) represents 8,n and 
8

0
u, for diffraction gratings defined relative to grating nor

mal, and c) or fin this context denotes the focal length of the 
lens or other focusing optic. 
[0064] Simulation of an emitted signal was also per
formed. All calculations of the emitted signal were per
formed using the software MATLAB R2015a. Alternatively, 
different software may also be used. The emitted third-order 
signal, EC3 ls,g, was modeled as a spherical wave that results 
from a single dipole emitter. The approximation necessary 
for the use of Fourier optics was chosen, where a spherical 
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wave can be represented by a quadratic phase term that 
approximates the spherical wavefronts as parabolic. In addi
tion, since the pulse-front tilt is only in one spatial dimen
sion, x, the electric field is calculated in the x-dimension 
perpendicular to the direction of propagation, which is 
defined as z. The signal has a carrier frequency of 375 THz 
(center wavelength of 800 nm) and a Gaussian temporal 
envelope with a FWHM of 15 fs. As such, the signal from 
a given dipole can be written as Equation (26): 

E',;](x, Z, t) = (26) 

(~)ei~-~1!_ e-iw(t+t')e-(i-(t+t'))2 
/ 2(/fs4§2)2 e -(xi 12(-~{~~r;-t 

4nEo ' 

where d is the dipole moment and k is the wavevector, z is 
the position along the optical axis of the system, and t' is the 
time of dipole emission as determined by the pulse-front tilt. 
The origin of the x-axis is centered about the axis defined by 
z, and ri corresponds to the distance of the dipole emitter 
from the optical axis. The last term accounts for the Gauss
ian nature of the spatial illumination of the sample by Pulse 
3. Pulse-front tilt leads to emission of different parts of the 
sample at different times. The emission of the first dipole at 
a given point in the material starts at a given time, t'=0, and 
one calculates its EC3

) sig as a function of x and t for a fixed 
value of z=z065 • The next dipole to emit is delayed in time 
from the first by (Equation (27)): 

(27) 

[0065] The time spacing between points in the simulation 
is 0.01 fs, and the spatial extent ofx corresponds to the size 
of the aperture off /0.5 optics illuminated by the Gaussian 
beam plotted in FIG. 2. To simulate imaging this field into 
a spectrometer, one can model an optical system with f /2 
optics, which utilizes 2 focusing optics (e.g., lenses) of focal 
length f, spaced by 2 f Equation (26) is used to calculate the 
electric field directly behind the first focusing optic of the 
imaging system and the field is calculated at the front focal 
plane of the second focusing optic, where the image forms 
using Fourier optics in the Fresnel approximation. The 
image forms on the input slit of a spectrometer that will be 
used to measure the emitted interferogram of EC3 ls,g(x, z, t) 
with ELo· 
[0066] Taking EC3 ls,g(x, z, t) as the input ~eld of the 
Fourier optics, V,n, one can write an operator, S, to model 
the optical system and calculate U

0
u,, the output field, as 

shown in Equation (28): 

(28) 

where Fis a spatial Fourier transform, Q is a quadratic phase 
operator as defined by Goodman, and the values in brackets 
are the input arguments for the operator. All Fourier trans
forms are calculated numerically using the fast-Fourier 
transform (FFT) algorithm in Matlab (or other software). To 
simulate the effect of the spectrometer an FFT was per-



US 2019/0137393 Al 

formed along the temporal dimension ofU
0
u, and then sum 

down the spatial dimension. Since the imaging system is 
diffraction limited, there is no additional spatial information 
along this axis. Equivalently, one could have used just one 
line from the calculated array, representing a one-dimen
sional array of pixels on a detector. The LO signal is 
calculated using a carrier wavelength of 800 nm and -i:= 15 fs 
FWHM, and the FFT of the LO is multiplied by the summed 
FFT ofU our Measured electric fields are real valued, so only 
the real part of the product defined in Equation (8) was kept. 
Still in the frequency domain, the position of the interfero
gram was shifted so that the peak is centered around zero 
frequency to remove any high-frequency contributions to the 
image. 

[0067] Finally, the inverse FFT was taken and the mag
nitude of the complex signal plotted as the image in FIG. 3. 
FIG. 4 depicts the electronic control unit D-1000 to control 
the system. As shown in FIG. 4, systems, operations, and 
processes in accordance with this disclosure may be imple
mented using a processor D-1002 or at least one application 
specific processor (ASP). The processor D-1002 may utilize 
a computer readable storage medium, such as a memory 
D-1004 (e.g., ROM, EPROM, EEPROM, flash memory, 
static memory, DRAM, SDRAM, and their equivalents), 
configured to control the processor D-1002 to perform 
and/or control the systems, operations, and processes of this 
disclosure. Other storage mediums may be controlled via a 
disk controller D-1006, which may control a hard disk drive 
D-1008 or optical disk drive D-1010. 

[0068] The processor D-1002 or aspects thereof, in an 
alternate embodiment, can include or exclusively include a 
logic device for augmenting or fully implementing this 
disclosure. Such a logic device includes, but is not limited 
to, an application-specific integrated circuit (ASIC), a field 
programmable gate array (FPGA), a generic-array of logic 
(GAL), and their equivalents. The processor D-1002 may be 
a separate device or a single processing mechanism. Further, 
this disclosure may benefit from parallel processing capa
bilities of a multi-cored processor. 

[0069] In another aspect, results of processing in accor
dance with this disclosure may be displayed via a display 
controller D-1012 to a monitor D-1014 that may be periph
eral to or part of the electronic control unit D-1000. More
over, the monitor D-1014 may have a touch-sensitive inter
face to a command/instruction interface. The display 
controller D-1012 may also include at least one graphic 
processing unit for improved computational efficiency. 
Additionally, the electronic control unit D-1000 may include 
an I/O (input/output) interface D-1016, for inputting sensor 
data from sensors D-1018 and for outputting orders to 
actuators D-1022. The sensors D-1018 and actuators D-1022 
are illustrative of any of the sensors and actuators described 
in this disclosure. For example, one of the sensors D-1018 
can be the spectrometer C-1000. 

[0070] Further, other input devices may be connected to an 
I/O interface D-1016 as peripherals or as part of the elec
tronic control unit D-1000. For example, a keyboard or a 
pointing device such as a mouse D-1020 may be used to 
control parameters of the various processes and algorithms 
of this disclosure, and may be connected to the I/O interface 
D-1016 to generate additional functionality and configura
tion options, or to control display characteristics. Actuators 
D-1022 which may be embodied in any of the elements of 
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the apparatuses described in this disclosure may also be 
connected to the I/O interface D-1016. 
[0071] The above-noted hardware components may be 
coupled to the network D-1400, such as the Internet or a 
local intranet, via the network controller D-2500 for the 
transmission or reception of data, including controllable 
parameters and/or images/data to another computing device 
such as a smart phone, a tablet, a laptop computer, a 
database, a desktop computer, etc. A central BUS D-1028 
may be included to connect the above-noted hardware 
components together, and to allow at least one path for 
digital communication there between. 
[0072] The description set forth below in connection with 
the appended drawings is intended as a description of 
various embodiments of the disclosed subject matter and is 
not necessarily intended to represent the only embodiment 
(s). In certain instances, the description includes specific 
details for the purpose of providing an understanding of the 
disclosed subject matter. However, it will be apparent to 
those skilled in the art that embodiments may be practiced 
without these specific details. In some instances, well
known structures and components may be shown in block 
diagram form in order to avoid obscuring the concepts of the 
disclosed subject matter. 
[0073] Reference throughout the specification to an 
"embodiment" means that a particular feature, structure, 
characteristic, operation, or function described in connection 
with an embodiment is included in at least one embodiment 
of the disclosed subject matter. Thus, any appearance of the 
phrases "embodiment" in the specification is not necessarily 
referring to the same embodiment. Further, the particular 
features, structures, characteristics, operations, or functions 
may be combined in any suitable manner in one or more 
embodiments. Further, it is intended that embodiments of the 
disclosed subject matter can and do cover modifications and 
variations of the described embodiments. 
[0074] It must be noted that, as used in the specification 
and the appended claims, the singular forms "a," "an," and 
"the" include plural referents unless the context clearly 
dictates otherwise. That is, unless clearly specified other
wise, as used herein the words "a" and "an" and the like 
carry the meaning of"one or more." Additionally, it is to be 
understood that terms such as "left," "right," "top," "bot
tom," "front," "rear," "side," "height," "length," "width," 
"upper," "lower," "interior," "exterior," "inner," "outer," and 
the like that may be used herein, merely describe points of 
reference and do not necessarily limit embodiments of the 
disclosed subject matter to any particular orientation or 
configuration. Furthermore, terms such as "first," "second," 
"third," etc., merely identify one of a number of portions, 
components, points of reference, operations and/or functions 
as described herein, and likewise do not necessarily limit 
embodiments of the disclosed subject matter to any particu
lar configuration, orientation, or ordering. 
[0075] Having now described embodiments of the dis
closed subject matter, it should be apparent to those skilled 
in the art that the foregoing is merely illustrative and not 
limiting, having been presented by way of example only. 
Thus, although particular configurations have been dis
cussed herein, other configurations can also be employed. 
Numerous modifications and other embodiments ( e.g., com
binations, rearrangements, etc.) are enabled by the present 
disclosure and are within the scope of one of ordinary skill 
in the art and are contemplated as falling within the scope of 
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the disclosed subject matter and any equivalents thereto. 
Features of the disclosed embodiments can be combined, 
rearranged, omitted, etc., within the scope of the invention 
to produce additional embodiments. Furthermore, certain 
features may sometimes be used to advantage without a 
corresponding use of other features. Accordingly, Applicant 
(s) intend(s) to embrace all such alternatives, modifications, 
equivalents, and variations that are within the spirit and 
scope of the disclosed subject matter. 

What is claimed is: 
1. An optical resonance imaging system, comprising: 
a light emitting device to emit laser pulses onto a subject, 

wherein the laser pulses include: 
a first pulse and a second pulse to place the subject in 

an excited state; and 
a third pulse to stimulate emission of one or more third 

order signals from the subject; and 
a spectrometer to receive the one or more third order 

signals and generate spectrum signals commensurate 
with intensities of the one or more third order signals. 

2. The system of claim 1, wherein the system includes 
circuitry configured to: 

analyze the spectrum signals; 
generate one or more images of the subject based on the 

analysis; and 
construct one or more maps of positions of the subject 

based on the one or more images. 
3. The system of claim 1, wherein the system includes 

circuitry configured to isolate the one or more third order 
signals from excitation signals generated by the subject. 

4. The system of claim 1, wherein the system includes 
circuitry configured to measure arrival times of the one or 
more third order signals. 

5. The system of claim 4, further comprising a local 
oscillator that emits reference pulses to measure the arrival 
times of the one or more third order signals. 

6. The system of claim 1, wherein the light emitting 
device further includes an optical tilt system that generates 
the third pulse with a pulse front tilt. 

7. The system of claim 6, wherein the optical tilt system 
includes a pulse shaper that generates spatial chirp beams 
and a dispersive medium to receive the spatial chirp beams 
and generate the pulse-front tilt. 

8. The system of claim 6, wherein the optical tilt system 
includes at least one of a grating, a plurality of gratings, a 
prism, a plurality of prisms, a grism, and a plurality of 
grisms. 

9. The system of claim 8, wherein the at least one of the 
grating, the plurality of gratings, the grism, and the plurality 
of grisms has a line density between 1000 lines/mm and 
4000 lines/mm. 

10. The system of claim 8, further comprising an optical 
stretcher and an optical compressor, wherein the system uses 
the optical stretcher and the optical compressor in tandem to 
provide an ultrafast duration of the third pulse with the pulse 
front tilt. 

11. The system of claim 8, further comprising one half of 
an optical stretcher and one half of an optical compressor, 
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wherein the system uses the one half of the optical stretcher 
and the one half of the optical compressor in tandem to 
provide an ultrafast duration of the third pulse with the pulse 
front tilt. 

12. The system of claim 1, wherein the light emitting 
device further includes a 4 f imaging system to focus the 
laser pulses onto the subject. 

13. A method of optical resonance imaging, the method 
comprising: 

emitting, by a light emitting device, a first pulse and a 
second pulse onto a subject to place the subject in an 
excited state; 

emitting, by the light emitting device, a third pulse onto 
the subject to stimulate emission of one or more third 
order signals from the subject; 

receiving, by a spectrometer, the one or more third order 
signals from the subject; and 

generating, by the spectrometer, spectrum signals com
mensurate with intensities of the one or more third 
order signals. 

14. The method of claim 13, further comprising: 
analyzing, by circuitry in communication with the spec

trometer, the spectrum signals; 
generating, by the circuitry, one or more images of the 

subject based on the analysis; and 
constructing, by the circuitry, one or more maps of 

positions of the subject based on the one or more 
images. 

15. The method of claim 14, further comprising: 
emitting, by a local oscillator, reference pulses; and 
measuring, by the circuitry, arrival times of the one or 

more third order signals based at least in part on the 
reference pulses. 

16. The method of claim 13, further comprising generat
ing, by an optical tilt system of the light emitting device, the 
third pulse with a pulse front tilt. 

17. The method of claim 16, further comprising: 
generating, by a pulse shaper of the optical tilt system, 

spatial chirp beams; 
receiving the spatial chirp beams in a dispersive medium 

of the optical tilt system; and 
generating the third pulse with pulse-front tilt based at 

least in part on the received spatial chirp beams. 
18. The method of claim 16, wherein the optical tilt 

system includes at least one of a grating, a plurality of 
gratings, a prism, a plurality of prisms, a grism, and a 
plurality of grisms. 

19. The method of claim 18, further comprising using an 
optical stretcher and an optical compressor in tandem to 
provide an ultrafast duration of the third pulse with the pulse 
front tilt. 

20. The method of claim 18, further comprising using one 
half of an optical stretcher and one half of an optical 
compressor in tandem to provide an ultrafast duration of the 
third pulse with the pulse front tilt. 

* * * * * 


