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(57) ABSTRACT 

A method for coherent multidimensional spectroscopy may 
comprise illuminating a location in a sample with a set of m 
coherent light pulses, each coherent light pulse having an 

initial frequency com and an initial wave vector km' wherein 
m2:2, to generate a coherent output signal having an initial 
frequency woutput=~±wm and an initial wavevector wave 

vector k output=~± km; scanning a first coherent light pulse 
of the set of m coherent light pulses across a set of i 
frequency values, wherein i2:2, the set of i frequency values 
including the first coherent light pulse having initial fre
quency co 1 ; scanning, simultaneously, a second coherent 
light pulse of the set of m coherent light pulses across a set 
of i correlated frequency values, the set of i correlated 
frequency values including the second coherent light pulse 
having initial frequency w2 , wherein each correlated fre
quency value is associated with a corresponding frequency 
value of the set of i frequency values as a correlated 
frequency grouping; and detecting the coherent output sig
nal. Each correlated frequency value is selected so that the 
coherent output signal generated at each correlated fre
quency grouping equals the initial frequency woutput and the 
coherent output signal generated at each correlated fre-

quency grouping equals the initial wavevector k outpur 
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METHODS AND SYSTEMS FOR COHERENT 
MULTIDIMENSIONAL SPECTROSCOPY 

2 
of i correlated frequency values, the set of i correlated 
frequency values including the second coherent light pulse 
having initial frequency CO2 , wherein each correlated fre
quency value is associated with a corresponding frequency CROSS REFERENCE TO RELATED 

APPLICATIONS 

The present application claims priority to U.S. provisional 
patent application No. 63/029,812 that was filed May 26, 
2020, the entire contents of which are incorporated herein by 
reference. 

5 value of the set of i frequency values as a correlated 
frequency grouping; and detecting the coherent output sig
nal. Each correlated frequency value is selected so that the 
coherent output signal generated at each correlated fre
quency grouping equals the initial frequency C0

0
u,put and the 

10 coherent output signal generated at each correlated fre-

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
15 

1709060 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

BACKGROUND 

The basis of all spectroscopy is the creation of a coher- 20 

ence of quantum states by an electromagnetic field. Light 
entangles molecular states to form a coherence, i.e., a 
superposition where the entity is in multiple states simulta
neously. If more than two states are entangled, it is a 
multiple quantum coherence (MQC). The spatial (wave 25 

vector k) and temporal (angular frequency co) parts of the 
resulting MQC wavefunction is a linear combination of 
quantum states, each with amplitude, 

• • • • ----+ 
quency groupmg equals the m1tJal wavevector k 0 u,pur 

Systems for coherent multidimensional spectroscopy are 
also provided, as well as controllers and non-transitory 
computer-readable media for such systems. 

Other principal features and advantages of the disclosure 
will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the disclosure will hereafter 
be described with reference to the accompanying drawings. 

FIG. 1 shows illustrative coherent multidimensional spec
troscopy (CMDS) excitation schemes for probing quantum 
pathways I-VII. 

FIG. 2 is a plot of the magnitude of a nonlinear output 
polarization induced by multiple coherent light pulses and 

30 the magnitude of a coherent output signal generated by that 
nonlinear output polarization, as a function of time/space. 
This plot illustrates the problem of phase matching in 
CMDS. 

wherein n equals the coupled quantum states. This MQC 
wavefunction is known as a Schrodinger cat state. 

FIG. 3 further illustrates the problem of phase matching 
35 in CMDS, using any of the quantum pathways I-V of FIG. 

1 as an example. 

Coherent Multidimensional Spectroscopy (CMDS) is a 
type of spectroscopy based upon forming Schrodinger cat 
states by exciting multiple vibrational and electronic states 

FIG. 4 illustrates how to achieve a phase matched beam 
geometry for three coherent light pulses when none are 
collinear. 

FIG. 5 illustrates how to achieve a phase matched beam 
geometry for three coherent light pulses when two are 
collinear. 

FIG. 6 illustrates the present methods according to an 
illustrative embodiment. 

FIG. 7 illustrates the present methods according to 
another illustrative embodiment. 

FIG. 8 shows a system which may be used to carry out the 
present methods according to an illustrative embodiment. 

in a target entity on time scales (e.g., picoseconds, femto- 40 

seconds) that are short or comparable to the timescale over 
which the MQCs decay. This is accomplished by temporally 
and spatially overlapping ultrafast coherent excitation 
beams in a sample containing the target entity. The 
Schrodinger cat states create directional emission whose 45 

intensity depends upon the enhancements that occur when 
the frequencies of the coherent excitation beams are reso
nant with specific quantum state transitions in the target 
entity. FIG. 9 is a block diagram of an illustrative controller 

50 which may be used in the system of FIG. 8. 

SUMMARY 

Provided are methods and systems for coherent multidi
mensional spectroscopy. 

A method for coherent multidimensional spectroscopy 
may comprise illuminating a location in a sample with a set 
of m coherent light pulses, each coherent light pulse having 

an initial frequency com and an initial wave vector km, 
wherein m::>2, to generate a coherent output signal having an 
initial frequency C00 u,put L±COm and an initial wavevector - - . . wave vector k outpu,=L± km; scanmng a first coherent hght 

FIG. 10 depicts operations which may be performed by an 
application of the controller of FIG. 9 to generate CMDS 
acquisition data for carrying out the present methods. 

FIG. 11 depicts operations which may be performed by 
55 the application of the controller of FIG. 9 to control com

ponents of the system of FIG. 8 based on the CMDS 
acquisition data. 

FIGS. 12A-12C show two-dimensional (2D), doubly 
vibrationally enhanced (DOVE) four wave mixing (FWM) 

60 spectra of a drug (FIG. 12A), a complex of the drug with a 
target (FIG. 12B), and the difference spectrum (FIG. 12C). 

pulse of the set of m coherent light pulses across a set of i 
frequency values, wherein i::>2, the set of i frequency values 
including the first coherent light pulse having initial fre- 65 

quency co 1 ; scanning, simultaneously, a second coherent 
light pulse of the set of m coherent light pulses across a set 

DETAILED DESCRIPTION 

Provided are methods and systems for coherent multidi
mensional spectroscopy (CMDS). As noted above, CMDS 
involves creating Schrodinger cat states in a target entity by 
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ization, i.e., the coherent output signal. The coherent output 
signal has a different frequency (higher) and thus, a different 
index of refraction (higher), as compared to the nonlinear 
output polarization that created it. Thus, eventually, the two 
get out of phase with each other and destructively interfere. 
In order to be able to detect the coherent output signal, the 
phase of the oscillating nonlinear output polarization and the 
resulting coherent output signal must be matched. 

illuminating the target entity with coherent light pulses. 
Existing CMDS methods are generally time domain meth
ods based on measuring the phase modulations of the 
coherences in the Schriidinger cat states as time delays 
between the coherent light pulses are scanned. This greatly 
limits the spectral width of such methods, as determined by 
the time-bandwidth product. By contrast, the present meth
ods involve scanning the frequency of at least one of the 
coherent light pulses. In the present methods, the problem of 
phase matching is solved by making simultaneous and 
correlated frequency changes in another of the coherent light 
pulses. As a result, the full power of CMDS is realized. The 
improved CMDS methods may then be leveraged to resolve 
spectral congestion inherent in complex materials while 
measuring their optical properties over much greater spectral 
widths. 

Using any of quantum pathways I-V of FIG. 1 as an 
10 illustrative example, FIG. 3 further illustrates the problem of 

phase matching. In this case, the beam geometry is such that 
the three coherent light pulses (1, 2, and 3) are collinear, 
along with the coherent output signal (labeled 4). (Through-

The present methods comprise illuminating a location in 
a sample with a set of m coherent light pulses, each coherent 

15 out the present disclosure, the phrase "beam geometry" 
refers to the orientation of each coherent light pulse's 
propagation axis relative to some reference, e.g., relative to 
the propagation axis of another coherent light pulse in the set 
of m coherent light pulses or relative to normal to a plane 

light pulse having a frequency com and a wave vector km, 

wherein m2:2. The multiple coherent light pulses interact 
with a target entity in the sample to generate a nonlinear 
output polarization, which acts as the source of radiation for 
a coherent output signal comprising a frequency 

20 defined by the sample.) The wave vectors k for the three 
coherent light pulses and the coherent output signal are each 
given by the equations shown, wherein c is the speed of 
light, com is frequency, and nm is the wavelength-dependent 
index of refraction, given by the Sellmeier equation. The 

(!)output=~±(!)m and a wave vector koutput=~±km. Specific 
25 

quantum pathways excited in the target entity are defined by 

constants A, B, C, D, and E in the Sellmeier equation are 
determined by the composition of the sample. As described 
above with respect to FIG. 2, because the coherent output 
signal has a higher frequency and a higher index of refrac-

tion, the wave vector k 4 is longer than the wave vector 

specific combinations of com and km· Thus, different coher
ent output signals exist, each characterized by different 
frequencies and wave vectors and associated with different 
quantum pathways. A particular quantum pathway is moni
tored by detecting the coherent output signal in the corre-

30 -c+ 
kpolarization of the nonlinear output polarization that created 

sponding phase matched direction given by k output for that 
particular quantum pathway. 

FIG. 1 shows illustrative quantum pathways associated 35 

with different illustrative CMDS excitation schemes when 

it. Phase matching involves ensuring that llk=k4-

kpoZanzation=O, i.e., that k4=kpolarization=k1-k2+k3. 
FIGS. 4 and 5 illustrate how to ensure such phase match

ing by selecting an appropriate beam geometry, i.e., by 
adjusting the angles between the propagating coherent light 
pulses. FIG. 4 illustrates the general case in which the beam 
geometry is such that each of the three coherent light pulses 
has a different propagation axis and propagates toward the 

using three coherent light pulses, i.e., m=3. The numeric 
labels 1, 2, 3 for the arrows correspond to individual 
coherent light pulses of the three coherent light pulses. The 
time ordering of the coherent light pulses proceeds from left 40 sample with a different angle. Phase matching is achieved by 
to right. The illustrative quantum pathways include: singly 
vibrationally enhanced (SIVE); doubly vibrationally 
enhanced-infrared (DOVE-IR); doubly vibrationally 
enhanced-Raman (DOVE-Raman); coherent anti-Stokes 
Raman spectroscopy (CARS); triply electronically enhanced 45 

(TRIEE); and triply resonant sum frequency (TRSF). The VI 
TRSF and VII TRSF pathways are similar, but VII TRSF 
substitutes a second electronic transition for the combination 
band transition. FIG. 1 also shows that the quantum path
ways I-V are each characterized by a coherent output signal 50 

comprising a frequency w
0
utput=w 1-w2 +w3 and a wave vec-

tor koutput=k 1-k2+k3. The quantum pathways VI and VII 
are each characterized by a coherent output signal compris
ing a frequency w 0 utput=w 1 +w2+w3 and a wave vector 

55 

koutput=k1 +k2+k3. 
Throughout the present disclosure, the subscripts m on 

com, e.g., 1, 2, and 3 on Wi, w2, and w3, are meant only to 
distinguish individual, independent coherent light pulses 
from one another. They are not meant to refer to any 60 

particular frequency or any particular time ordering. 
FIG. 2 illustrates the problem of phase matching in 

detecting a coherent output signal created by the nonlinear 
output polarization induced by the coherent light pulses. 
FIG. 2 plots the magnitudes of the nonlinear output polar- 65 

ization induced by the coherent light pulses and the elec
tromagnetic field generated by that nonlinear output polar-

finding the angles that ensure that k 4 (output)=k 1-k2+ky In 
this case, by selecting an angle for one pair of the coherent 
light pulses, e.g., 813, and using the remaining trigonometric 
equations, the angle 824 between the remaining coherent 
light pulse and the coherent output signal may be deter
mined. The coherent output signal for any of the quantum 
pathways I-V of FIG. 1 may be monitored by propagating 
the three coherent light pulses at the given angles and 

placing a detector coincident with k 4 coutput)· FIG. 5 illus
trates the case in which two of the three coherent light pulses 
are collinear and propagate toward the sample with the same 
angle. Again, the coherent output signal for any of the 
quantum pathways I-V of FIG. 1 may be monitored by 
propagating the three coherent light pulses at the given 

angles and placing a detector coincident with k 4 coutput)· 

As noted above, the present method comprises illuminat
ing the location in the sample with the set of m coherent light 

pulses. In this step, the frequency com and wave vector km 

of each coherent light pulse may each be at initial values. 
The beam geometry used is one selected to optimize phase 
matching for a desired CDMS excitation scheme so as to 
generate a detectable coherent output signal having an initial 
frequency woutput=~±wm and an initial wave vector 

k output=~± km· Next, the method comprises scanning a first 
of the coherent light pulse of the set of m coherent light 
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pulses across a set of i frequency values, wherein i2:2. The 
set of i frequency values may include the first coherent light 
pulse having its initial frequency value, e.g., co 1 . As such, the 
first data point of the "scan" may actually be achieved by the 
illumination step described above. The initial frequency 
value, the value of i (i.e., number of frequency values) as 
well as the frequency step size between each frequency 
value are not particularly limited. Rather, these values 
depend upon the desired CDMS excitation scheme and 
target entity. However, regarding the initial frequency value, 
frequencies in the infrared region (e.g., from 3 to 20 µm), 
those in the near-infrared region (e.g., from 0.8 to 3 µm), 
those in the visible region (e.g., from 0.4 to 0.8 µm), and 
those in the ultra-violet region ( e.g., from 200 to 400 nm) of 
the electromagnetic spectrum may be used. Similarly, the 
value ofm is not particularly limited. However, in embodi
ments, m=2, 3, or 4. 

At least one innovation underlying the present methods is 
that at the same time as the first coherent light pulse is 
scanned, a second coherent light pulse of the set of m 
coherent light pulses is also scanned (i.e., simultaneously) 
across a set of i correlated frequency values. This set of i 
correlated frequency values may include the second coher
ent light pulse having its initial frequency value, e.g., w2 • 

Each correlated frequency value in the set of i correlated 
frequency values is associated with a corresponding fre
quency value in the set of i frequency values. The correlated 
frequency value and its corresponding frequency value are 
members of a correlated frequency grouping. In the case of 
the first and second coherent light pulses being scanned 
simultaneously, the "grouping" is a "pair." 

By way of illustration, the set of i frequency values for the 
first coherent light pulse may include four (i.e., i=4) fre
quency values w11 , w12 , w13 and w14 Each correlated fre
quency value in the set of i=4 correlated frequency values is 
then given by w21 , w22, w23 and w24 The corresponding 
values are members of correlated frequency pairs, i.e., (w 11 , 

w2 ), (co 1
2

, w2,), (w13, w2 ), and (w14, w2.) are each correlated 
frequency pairs. 

6 
frequency change (the change that is made in the second 
coherent light pulse to achieve optimum phase matching) are 
generally not the same. That is, the magnitude of the 
changes, the direction of the changes (i.e., whether an 
increase or decrease), or both, are generally different. 

Finally, the present methods further comprise detecting 
the coherent output signal while the first and second coher
ent light pulses are simultaneously scanned. The phrase 
"detecting" may encompass both detecting an intensity of 

10 the coherent output signal as well as its frequency. It is noted 
that the coherent output signal has two contributions, the 
driven signal obtained when the light sources for the coher
ent light pulses in the set of m coherent light pulses are on 

15 (i.e., during illumination) and the free induction decay signal 
when the light sources are off. These contributions may have 
different frequencies unless the coherent light pulses are at 
frequencies resonant with specific quantum transitions 
within the target entity. In addition, detecting the coherent 

20 output signal may involve detecting over a range of fre
quencies, e.g., by employing a scannable monochromator. 

The embodiment of the present methods described above 
refers to simultaneous scanning of two coherent light pulses 
of the set of m coherent light pulses. However, it is noted 

25 that more than two coherent light pulses may be scanned 
simultaneously in the present methods, including all of the 
coherent light pulses. Thus, a "correlated frequency group
ing" may include more than two members. In such embodi
ments, however, the correlated frequency values in the 

30 correlated frequency groupings are selected to maintain 
optimum phase matching as described above. In embodi
ments, the coherent light pulses which are scanned simul
taneously are those which are collinear. In embodiments, all 
the coherent light pulses are collinear and all may be 

35 scanned simultaneously. 
FIG. 6 illustrates an embodiment of the present methods 

involving three coherent light pulses (m=3) and the DOVE
IR quantum pathway of FIG. 1. The beam geometry of FIG. 
5 is used. Specifically, as shown in panel 600, the first and 

40 third coherent light pulses are collinear and the angle 8 is 
selected to achieve phase matching for initial frequencies Another innovation underlying the present methods is that 

each correlated frequency value (i.e., w 21 w21 , ... , w2 ) is 
selected so that the coherent output signal generated at each 
correlated frequency grouping equals the initial frequency 
woutput and the coherent output signal generated at each 

45 
correlated frequency grouping equals the initial wave vector 

Wi, w 2 , w 3 , initial wave vectors k 1 , k 2 , k 3 , and the 

DOVE-IR quantum pathway k 4 (output)=k 1-k2+k3 . Next, 
in panel 602, the frequency of the first coherent light pulse 

is increased to a new value, resulting in a larger k 1 . Rather 
k outpur That is, the simultaneous scanning is carried out so 
that the phase matching condition is maintained during the 
scanning. Moreover, rather than maintaining the phase 
matching condition by changing the beam geometry as the 
first coherent light pulse is scanned (i.e., at each and every 
frequency value in the set of i frequency values), correlated 
frequency changes are made in the second coherent light 
pulse. This means that the simultaneous scanning may be 
carried out using a single, fixed beam geometry, i.e., without 
changing the beam geometry during the simultaneous scan
ning. (This does not preclude the present methods compris
ing other steps which may be carried out using different 
beam geometries.) As further described below, a system may 
be used for carrying out the present methods which com
prises a controller configured to calculate the required 
correlated frequency changes/values based upon user input 
and subsequently output the correlated frequency changes/ 
values to other components of the system in order to perform 
the scanning described above. 

It is noted that the frequency change (the change that is 
made in the first coherent light pulse) and the correlated 

than changing the beam geometry (i.e., changing the angle 
8), a correlated frequency change is made to the third 
coherent light pulse simultaneously with the change in 

50 frequency of the first coherent light pulse. Specifically, as 
shown in panel 604, the frequency of the third coherent light 
pulse is decreased to a value (i.e., a correlated frequency 
value) that maintains the phase matching. The correlated 
frequency value required to achieve phase matching may be 

55 determined by the same set of trigonometric equations used 
to determine 8 at the initial frequencies and wave vectors 
(see FIG. 5). During these changes, the frequency of the 
second coherent light pulse remains fixed. 

FIG. 7 illustrates another embodiment of the present 
60 methods, also involving three coherent light pulses (m=3) 

and the DOVE-IR quantum pathway. However, a different 
beam geometry is used in which the second and third 
coherent light pulses are collinear. As shown in panel 700, 
the angle 8 is selected to achieve phase matching for initial 

65 frequencies w1 , w2 , w3 , initial wave vectors k 1 , k 2 , k 3 and 
====!t ~ ---:-+ ---=--* 

the DOVE-IR quantum pathway k 4 (output)=k 1-k 2+k 3 . 



US 11,486,818 B2 
7 

Next, in panel 702, the frequency of the second coherent 
light pulse is increased to a new value, resulting in a larger 

8 
may be independently selected. That is, the value of nm need 
not be the same for each coherent light pulse. 

Systems for carrying out the present methods are also 
provided. An illustrative system 800 is shown in FIG. 8, but 
additional or fewer components may be included. In addi
tion, the designation of components shown as being mem
bers of a particular subsystem is not meant to be limiting in 
any way. The system 800 may include an optical subsystem 
802 configured to direct the set of m (in this embodiment, 

k 2 . The angle 8 remains fixed and a correlated frequency 
change is made to the third coherent light pulse simultane
ously with the change in frequency of the second coherent 
light pulse. Specifically, the frequency of the third coherent 
light pulse is increased to a value (i.e., a correlated fre
quency value) that maintains the phase matching. The cor
related frequency value required to achieve phase matching 
may be determined by the same set of trigonometric equa
tions used to determine 8 at the initial frequencies and wave 
vectors (see FIG. 5). During these changes, the frequency of 
the first coherent light pulse remains fixed. 

10 m=3) coherent light pulses 80la-b at the location in the 
sample; a detection subsystem 804 configured to detect the 
coherent output signal 805 generated by a target entity in the 
sample; and a controller 806 configured to control operation 
of one or more components of the system 800, including one 

FIGS. 6 and 7 illustrate scenarios involving a single 
frequency change in one of the coherent light pulses (i.e., 
i=2). However, as described above, the value of i is not 
particularly limited. Similarly, as described above, the fre
quencies of more than two coherent light pulses may be 
scanned simultaneously. 

15 or more components of the optical and detection subsystems 
802, 804. It is noted that system 800 may be reconfigured so 
that the coherent light pulses 80la-b may illuminate the 
sample on one side and the coherent output signal that is 

20 

transmitted from an opposing side of the sample is detected. 
As shown in FIG. 8, the optical subsystem 802 generally 

comprises optics configured to receive the coherent light 
pulses 80la-c and to direct them into the sample. These 
optics may include various optics ( e.g., dichroic mirror 808) 
configured to direct the coherent light pulses 80la-c accord-

25 ing to a desired beam geometry and optics ( e.g., microscope 
objective 810) configured to focus the coherent light pulses 
801a-c into the sample supported on a stage 812. The 
detection subsystem 804 generally comprises device(s) con
figured to detect light, including devices to measure inten-

In the present methods, the m coherent light pulses may 
also be characterized by the time delays between individual 
coherent light pulses. By way of illustration, time delays 
may be defined relative to the first coherent light pulse. For 
example, if m=3, these time delays may be such that 
1:21 =t2 -1:1 and "t31=t3 -"t1 . The time delays determine the 
order in which the coherent light pulses interact with the 
target entity, and in general, any order may be used. In 
embodiments, the m coherent light pulses are temporally 
overlapped, i.e., the time delay between individual coherent 
light pulses is zero. The time delays between individual 
coherent light pulses may be fixed during the simultaneous 
scanning described above. However, additional steps may be 
carried out in the method using different values of the time 35 

delays. 

30 sity at a particular frequency of the light ( e.g., photomulti
plier tube 814 and monochromator 816). The 
monochromator 816 may be a scannable monochromator 
which is useful to detect the coherent output signal over a 
range of frequencies. 

The system 800, including the optical subsystem 802, 
may comprise the light sources (and associated optics) 818 
configured to generate the coherent light pulses 801a-c 
which have certain of the characteristics described herein 
( e.g., frequency, spectral width, temporal width, pulse 
energy, polarization). Such optics may include those con
figured to achieve the desired beam geometry. Optics con-
figured to set and adjust the time delay between the coherent 
light pulse 801a-c may be included. Choppers configured to 
achieve desired repetition rates for the coherent light pulses 
80la-c may be included. 

The system 800, including the detection subsystem 804, 
may comprise optics configured to receive light generated 
from the sample or passing through the sample and to direct 
the light towards the devices of the detection subsystem, 

In the present method, them coherent light pulses may be 
also each characterized by a number of other properties 
including spectral width (-0.1-500 cm- 1

) and temporal 
width (1500 to 0.030 ps ), which are generally selected based 40 

upon the desired CMDS excitation scheme. The m coherent 
light pulses may be each characterized by a repetition rate 
(-10 to 108 Hz) (e.g., achieved by pulse picking or chop
ping), which is generally selected to provide a desired data 
acquisition speed. Note that the pulse energy and repetition 45 

rate choices are inversely correlated. The m coherent light 
pulses may be each characterized by pulse energy (-10-2 to 
10-9 joules), which is generally selected to provide sufficient 
intensity to ensure nonlinear interactions with the target 
entity. 50 including optics configured to focus or collimate the light. 

Regarding pulse energy, the pulse energy may be selected An aperture or optical filters configured to receive light 
generated from the sample or passing through the sample 
and to block undesired light ( e.g., certain coherent light 
pulses or undesired coherent output signals) may be 
included. However, the monochromator 816 may also be 
used for this purpose. 

so that the quantum transitions excited by individual coher
ent light pulses are single-photon transitions (i.e., requiring 
the interaction of a single photon to induce the quantum 
transition) or are multiphoton transitions (i.e., requiring the 55 

simultaneous interaction of multiple photons to induce the 
quantum transition). Thus, throughout the present disclo- The system 800 may include other components (not 

shown) for sequentially analyzing multiple locations in the 
sample. Sample scanning may be achieved by moving the 

60 coherent light pulses relative to the sample, e.g., via scan
ning optics, or by moving the sample relative to the coherent 
light pulses, e.g., via a scanning stage. 

sure, each "wm" and each "km," (and the like) may refer to 

nm *wm and nm* km, respectively, wherein nm is the number 
of photons. (This nm is not the same as the indices of 
refraction referred to throughout the present disclosure; the 
meaning of each nm will be clear to those of ordinary skill 
based on context.) In embodiments, n=l, i.e., the quantum 
transitions are single-photon transitions. In other embodi
ments, n=2, i.e., the quantum transitions are multi-photon 
transitions. The value of nm for each coherent light pulse 

The controller 806 may be integrated into the system 800 
as part of a single device, or its functionality may be 

65 distributed across one or more devices that are connected to 
other system 800 components directly or through a network 
that may be wired or wireless. A database (not shown), a data 
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repository for the system 800, may also be included and 
operably coupled to the controller 806. 

As shown in the illustrative embodiment of FIG. 9, the 
controller 806 may include an input interface 902, an output 
interface 904, a communication interface 906, a computer
readable medium 908, a processor 910, and an application 
912. The controller 806 may be a computer of any form 
factor including an electrical circuit board. 

The input interface 902 provides an interface for receiving 
information into the controller 806. Input interface 902 may 
interface with various input technologies including, e.g., a 
keyboard, a display, a mouse, a keypad, etc., to allow a user 

10 
controlling components of the system 800 based on such 
CMDS acquisition data. Some or all of the operations 
described in the present disclosure may be controlled by 
instructions embodied in the application 912. The operations 

5 may be implemented using hardware, firmware, software, or 
any combination of these methods. With reference to the 
illustrative embodiment of FIG. 9, the application 912 is 
implemented in software (comprised of computer-readable 
and/or computer-executable instructions) stored in the com-

10 puter-readable medium 908 and accessible by the processer 
for execution of the instructions that embody the operations 
of application 912. The application 912 may be written using 
one or more programming languages, assembly languages, to enter information into the controller 806 or to make 

selections presented in a user interface displayed on the 
display. Input interface 902 further may provide the electri- 15 

cal connections that provide connectivity between the con
troller 806 and other components of the system 800. 

scripting languages, etc. 
With reference to FIGS. 10 and 11, operations which may 

be associated with the application 912 are described accord
ing to illustrative embodiments. FIG. 10 relates to operations 
for generating CMDS acquisition data such as that described 
above. FIG. 11 relates to operations for controlling compo-

The output interface 904 provides an interface for out
putting information from the controller 806. For example, 
output interface 904 may interface with various output 
technologies including, e.g., the display or a printer for 
outputting information for review by the user. Output inter
face 904 may further provide an interface for outputting 
information to other components of the system 800, includ
ing the optical and detection subsystems 802, 804. 

The communication interface 906 provides an interface 
for receiving and transmitting data between devices using 
various protocols, transmission technologies, and media. 
Communication interface 906 may support communication 
using various transmission media that may be wired or 
wireless. Data and messages may be transferred between the 
controller 806, the database, other components of the system 
800, and/or other external devices using communication 
interface 906. 

The computer-readable medium 908 is an electronic hold
ing place or storage for information so that the information 
can be accessed by the processor 910 of the controller 806. 
Computer-readable medium 908 can include any type of 
random-access memory (RAM), any type of read only 
memory (ROM), any type of flash memory, etc., such as 
magnetic storage devices, optical disks, smart cards, flash 
memory devices, etc. 

The processor 910 executes instructions. The instructions 
may be carried out by a special purpose computer, logic 
circuits, or hardware circuits. Thus, the processor 910 may 
be implemented in hardware, firmware, or any combination 

20 nents of systems for carrying out the present methods, 
including the system 800, based on such CMDS acquisition 
data. In these figures, additional or fewer operations may be 
performed depending on the embodiment. Also, the order of 
the operations is not intended to be limiting. Thus, although 

25 some of the operational flows are presented in sequence, the 
various operations may be performed in various repetitions, 
concurrently, and/or in other orders than those that are 
illustrated. 

With reference to FIG. 10, as an illustrative embodiment, 
30 in a first operation 1000, initial CDMS data is received by 

the processor 910. Illustrative initial CMDS data includes 
the following: a desired quantum pathway to be monitored; 
initial frequency values for a desired set of m coherent light 
pulses; initial time delays between pairs of coherent light 

35 pulses in the set of m coherent light pulses; a listing of which 
coherent light pulses are to be scanned in the set of m 
coherent light pulses and in which order; for each coherent 
light pulse to be scanned, a desired final frequency value and 
a desired frequency step size; and a desired sample to be 

40 illuminated. The initial CMDS data may be input by a user 
via the input interface 902, received by reading from the 
computer-readable medium 908 or the database (e.g., via the 
communication interface 906), or combinations thereof. 

In a second operation 1002, a beam geometry which 
45 achieves optimal phase matching is calculated. These cal

culations employ the methodology illustrated in FIGS. 3-5 
and may include the following: calculating, via the desired 
quantum pathway, an initial frequency moutput for the coher
ent output signal generated by the set of m coherent light 

of these methods and/or in combination with software. The 
term "execution" is the process of running an application 
912 or the carrying out of the operation called for by an 
instruction. The instructions may be written using one or 
more programming language, scripting language, assembly 
language, etc. Processor 910 executes an instruction, mean
ing that it performs/controls the operations called for by that 
instruction. Processor 910 operably couples with the input 
interface 902, with the output interface 904, with the com- 55 

puter-readable medium 908, and with the communication 
interface 906 to receive, to send, and to process information. 
Processor 910 may retrieve a set of instructions from a 
permanent memory device and copy the instructions in an 
executable form to a temporary memory device that is 60 

generally some form of RAM. 

50 pulses; calculating, via the Sellmeier equation, indices of 
refraction nm for each coherent light pulse of the set of m 
coherent light pulses and the coherent output signal; calcu
lating, 

initial wave vectors k for each coherent light pulse in the 
set of m coherent light pulses and an initial wave vector 

k output for the coherent output signal; and calculating angles 
between pairs of the coherent light pulses in the set of m 
coherent light pulses via one or more trigonometric equa
tions (see FIGS. 4-5). Some parameters of the beam geom
etry may be provided as part of the initial CMDS data, e.g., 
which coherent light pulses are to be collinear. In other 

The application 912 performs operations associated with 
controlling other components of the system 800. Some of 
these operations may include calculating beam geometries, 
generating sets of i frequency values, and calculating sets of 65 

i correlated frequency values to be used to carry out the 
present methods. Other of these operations may include 
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embodiments, all parameters of the beam geometry may be 
provided as part of the initial CMDS data. 

12 
ing one or more sets of i frequency values and one or more 
sets of i correlated frequency values is received by a 
component of the system 800, e.g., by the optical subsystem 
802. Other data may be received as necessary for carrying 
out the present methods, e.g., initial CMDS data such as 
initial time delays, pulse energies, etc. 

In a third operation 1004, a set of i frequency values is 
generated for a first coherent light pulse of the set of m 
coherent light pulses to be scanned, based on the initial 
frequency value, final frequency value, and desired fre
quency step size. The set of i frequency values may include 
the initial frequency value com for the first coherent light 
pulse to be scanned. 

In a fourth operation 1006, one or more corresponding 
sets i of correlated frequency values is generated. (One or 
more, depending upon how many coherent light pulses in the 

In a second operation 1102, a location in the sample is 
illuminated with the set of m coherent light pulses at the 
phase matching beam geometry ( e.g., calculated in FIG. 10), 

10 each coherent light pulse having the initial frequency com and 

set of m coherent light pulses are to be scanned simultane
ously with the first coherent light pulse.) First, one of the 
coherent light pulses in the set of m coherent light pulses 15 

( other than the first coherent light pulse to be scanned) is 
selected. This may be a coherent light pulse which is 
oriented collinearly with the first coherent light pulse to be 
scanned. Next, for the desired frequency step size (i.e., the 
incremental changes in frequency to be made in the set of i 20 

frequency values), a correlated frequency change in the 
selected coherent light pulse that ensures that the coherent 
output signal equals the initial frequency woutput and the 

initial wavevector k output is calculated. This calculation 
25 

makes use of the calculated beam geometry from operation 
1002. That is, the angles between pairs of coherent light 
pulses in the set of m coherent light pulses are fixed at those 
obtained during operation 1002. Otherwise, the calculation 
employs the trigonometric equations applicable to the cal-

30 
culated beam geometry. Finally, the set of i correlated 
frequency values is generated based on the initial frequency 
value of the selected coherent light pulse, the calculated 
correlated frequency change, and the integer i. Thus, the set 
of i correlated frequency values may include the initial 

35 
frequency com of the selected coherent light pulse. 

In the set of i correlated frequency values generated in the 
fourth operation 1004, each correlated frequency value is 
associated with a corresponding frequency value in the set of 
i frequency values as a correlated frequency pair. (As noted 

40 
above, this correlated frequency pair may be part of a 
correlated frequency grouping if more than two coherent 
light pulses in the set of m coherent light pulses are to be 
scanned simultaneously.) Due to the phase matching 
described above, the coherent output signal generated at 

45 
each correlated frequency pair equals the initial frequency 
woutput and the coherent output signal generated at each 
correlated frequency pair equals the initial wave vector 

£output" 

the initial wavevector km to generate the coherent output 
signal having the initial frequency output and the initial 

wavevector 1Z output" 

In a third operation 1104, a first coherent light pulse of the 
set of m coherent light pulses is scanned across the set of i 
frequency values. 

In a fourth operation 1106, a second coherent light pulse 
of the set of m coherent light pulses is scanned, simultane
ously, across the set of i correlated frequency values. (How
ever, as described above, another coherent light pulse in the 
set of m coherent light pulses may be scanned across another 
set of i correlated frequency values, simultaneously, along 
with the first and second coherent light pulses.) The fre
quencies of any of the coherent light pulses of the set of m 
coherent light pulses not being scanned remains fixed at the 
respective initial frequencies. As described above, the result 
of the simultaneous scanning is that the coherent output 
signal generated at each correlated frequency grouping has 
the initial frequency woutput and the initial wavevector 

£output" 

In a fifth operation 1108, a determination is made whether 
an additional set of i frequency values exists, i.e., whether an 
additional coherent light pulse in the set of m coherent light 
pulses is to be scanned. If the determination is yes, the third 
and fourth operations may be repeated with the additional 
set of i frequency values and the corresponding additional 
set(s) of i correlated frequency values. If the determination 
is no, the CMDS method is finished. During the simultane
ous scanning operations 1004, 1106 (as well as the initial 
illumination operation 1102), the coherent output signal is 
detected by the detection subsystem 804. Thus, although not 
shown in FIG. 11, operations related to controlling compo
nents of the detection subsystem 804, processing detected 
coherent output signals, displaying detected coherent output 
signals, etc., may be included. 

It is noted that devices including the processor 910, the 
computer-readable medium 908 operably coupled to the 

In a fifth operation 1008, a determination is made whether 
another coherent light pulse of the set of m coherent light 
pulses is to be scanned. If the determination is yes, the 
operations 1002, 1004, and 1006 may be repeated. 

If the determination is no, in a sixth operation 1010, the 
CMDS acquisition data generated in the operations 
described above is output to a component of the system 800, 
e.g., to the optical subsystem 802. Such CMDS acquisition 
data includes the one or more sets of i frequency values and 
the one or more sets of i correlated frequency values. The 
outputted data may be used in controlling operation of such 
components, including the optical subsystem 802, to carry 
out the present methods. 

50 processor 910, the computer-readable medium 908 having 
computer-readable instructions stored thereon that, when 
executed by the processor 910, cause the device to perform 
any of the operations described above (or various combina
tions thereof), are encompassed by the present disclosure. 

55 The computer-readable medium 908 is similarly encom
passed. 

The present methods may be used to examine a variety of 
types of target entities in a variety of types of samples, e.g., 
chemical samples, biological samples, etc. The samples may 

60 include interfaces between different materials. As such, the 
methods may be used in a variety of fields such as analytical 
methods, catalysis, chemical synthesis, environmental 
chemistry, forensic analysis, membrane biology, neurobiol-FIG. 11 relates to illustrative operations for controlling 

components of systems for carrying out the present methods, 
including the system 800, based on CMDS acquisition data 65 

such as that generated by the operations of FIG. 10. In a first 
operation 1100, generated CMDS acquisition data compris-

ogy, pathology, pharmacology, and composite materials. 
As noted above, at least by solving the phase matching 

problem inherent to frequency domain CDMS by employing 
correlated frequency changes, the present methods unleash 
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the full power of CMDS. By way of illustration, application 
of the present methods is described with reference to FIGS. 
12A-12C. These figures show the results of an experiment 
on drug-substrate binding. The drug is SU5402, a potent and 
selective inhibitor of the target protein, a fibroblast growth 
factor receptor (FGFR). FIG. 12A shows a two-dimensional 
(2D), DOVE spectrum of the drug (FIG. 12A), the drug
target complex (FIG. 12B) and the difference spectrum (FIG. 
12C). Each was acquired by exciting two vibrational modes 
and virtual electronic states of the drug-target complex. The 10 

grayscale map represents the output intensity as w 1 and w 2 

become resonant with the v and v+v' modes. The three 
spectra show the cross-peaks between the fundamental 
vibrational modes (x-axis) and the corresponding overtone 15 
and combination bands (y-axis) of the protein target alone 
(FIG. 12A), the drug and protein target (FIG. 12B), and the 
difference spectrum (FIG. 12C). The protein target spectrum 
(FIG. 12A) has over -200 peaks, illustrating the complexity 
of the system. The drug-target spectrum (FIG. 12B) has an 20 

additional 63 peaks that are resolved in the difference 
spectrum (FIG. 12C), illustrating the underlying power of 
CMDS. The cross marks identify 6 peaks in the difference 
spectrum (FIG. 12C) that arise specifically from drug-target 
binding where the protein and drug modes are coupled by 25 

the binding. The presence of these cross-peaks involving 
vibrational states from the drug and target ensures that they 
arise from the interactions binding them. These kinds of 
experiments are necessary to fully understand drug-substrate 
binding and facilitate the development of new kinds of 30 

targeted therapies and vaccines. 
The overlaid diagonal lines on FIG. 12A demonstrate how 

14 
What is claimed is: 
1. A method for coherent multidimensional spectroscopy, 

the method comprising: 
(a) illuminating a location in a sample with a set of m 

coherent light pulses, each coherent light pulse having 

an initial frequency com and an initial wave vector km, 

wherein m2:2, to generate a coherent output signal 
having an initial frequency woutput=~±wm and an initial 

wave vector 1Zoutput=~±1Zm; 

(b) scanning a first coherent light pulse of the set of m 
coherent light pulses across a set of i frequency values, 
wherein i2:2, the set of i frequency values including the 
first coherent light pulse having initial frequency w 1 ; 

( c) scanning, simultaneously, a second coherent light 
pulse of the set of m coherent light pulses across a set 
of i correlated frequency values, the set of i correlated 
frequency values including the second coherent light 
pulse having initial frequency w2 , wherein each corre
lated frequency value is associated with a correspond
ing frequency value of the set of i frequency values as 
a correlated frequency grouping; 

wherein each correlated frequency value is selected so 
that the coherent output signal generated at each cor
related frequency grouping equals the initial frequency 
co output and the coherent output signal generated at each 
correlated frequency grouping equals the initial wave 

vector k output; and 
( d) detecting the coherent output signal. 
2. The method of claim 1, wherein m=2 and the initial 

frequency is w
0

utput=w 1 +w2 and the initial wave vector is 

koutput=k1+k2. 

3. The method of claim 1, wherein m=3 and the initial 
frequency is woutput=±w1 ±w2±w3 and the initial wave vector 

is koutput=±k1±k2±k3. 

4. The method of claim 1, wherein m=4 and the initial 
frequency is woutput=±w 1 ±W2±w3±w4 and the initial wave 

an embodiment of the present methods may be used to carry 
out these kinds of experiments. While the frequency of the 
second coherent light pulse ( w2) is scanned across the 35 

desired frequency range, at each frequency value within that 
desired frequency range, a simultaneous correlated fre
quency change is made to the frequency of the first coherent 
light pulse (w1). Only a few diagonal lines are shown for 
clarity. For example, as shown by the bottom diagonal lines, 
when 82 is scanned from 1300 cm- 1 to 1700 cm- 1

, correlated 
frequency changes are made in w 1 such that w 1 is scanned 
from 3000 cm- 1 to 2700 cm- 1

. Not only is this approach 
vastly more efficient than existing CMDS methods, but also 
the present methods enable spectroscopic investigations 45 

over much larger spectral range. 

40 
vector is 1Z

0
utput=±lZ1±lZ2 ±1Z3±k4 . 

5. The method of claim 3, wherein the initial frequency is 

The word "illustrative" is used herein to mean serving as 
an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 50 

designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more." 

(!)output=w1-W2+W3 and the initial wave vector is koutput= 

1Z1-1Z2 +1Zy 
6. The method of claim 3, wherein the initial frequency is 

(!)output=w1+W2+W3 and the initial wave vector is koutput= 

1Z1 +1Z2 +1Zy 
7. The method of claim 1, wherein angles are defined 

between propagation axes of each pair of coherent light 
pulses in the set of m coherent light pulses and the angles are 
fixed during steps (a)-(c). 

8. The method of claim 1, wherein step (b) is character
ized by a frequency change between frequency values in the 
set of i frequency values and step ( c) is characterized by a The foregoing description of illustrative embodiments of 

the disclosure has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the disclosure to the precise form disclosed, and 
modifications and variations are possible in light of the 
above teachings or may be acquired from practice of the 
disclosure. The embodiments were chosen and described in 
order to explain the principles of the disclosure and as 
practical applications of the disclosure to enable one skilled 

55 correlated frequency change between correlated frequency 
values in the set of i correlated frequency values, and further 
wherein the frequency change and the correlated frequency 
change differ in one or more of magnitude and direction. 

9. The method of claim 1, wherein the first and second 
60 coherent light pulses are collinear. 

in the art to utilize the disclosure in various embodiments 
and with various modifications as suited to the particular use 
contemplated. It is intended that the scope of the disclosure 65 

be defined by the claims appended hereto and their equiva
lents. 

10. The method of claim 1, further comprising 
( e) scanning, simultaneously, a third coherent light pulse 

of the set of m coherent light pulses across a second set 
of i correlated frequency values, the second set of i 
correlated frequency values including the third coher
ent light pulse having initial frequency w3 , wherein 
each correlated frequency value in the second set of i 
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correlated frequency values is also a member of the 
correlated frequency grouping; 

wherein each correlated frequency value in the second set 
of i correlated frequency values is selected so that the 
coherent output signal generated at each correlated 
frequency grouping equals the initial frequency woutput 

and the coherent output signal generated at each cor
related frequency grouping equals the initial wave 

vector lZ output" 

11. The method of claim 10, wherein the first, the second, 10 

and the third coherent light pulses are collinear. 
12. A system for coherent multidimensional spectroscopy, 

the system comprising: 
an optical subsystem configured to illuminate a location in 

a sample with a set of m coherent light pulses, each 15 
coherent light pulse having an initial frequency wm and 

an initial wave vector km, wherein m2:2, to generate a 
coherent output signal having an initial frequency 

km; 
a detection subsystem configured to detect the coherent 

output signal; and 
a controller comprising a processor and a non-transitory 

computer-readable medium operably coupled to the 25 
processor, the non-transitory computer-readable 
medium comprising instructions, that, when executed 
by the processor, cause the system to 
(a) illuminate the location with the set of m coherent 

light pulses to generate the coherent output signal; 30 
(b) scan a first coherent light pulse of the set of m 

coherent light pulses across a set of i frequency 
values, wherein i2:2, the set of i frequency values 
including the first coherent light pulse having initial 
frequency w 1 ; 

( c) scan, simultaneously, a second coherent light pulse 
of the set of m coherent light pulses across a set of 

35 

i correlated frequency values, the set of i correlated 
frequency values including the second coherent light 
pulse having initial frequency w2 , wherein each 40 
correlated frequency value is associated with a cor
responding frequency value of the set of i frequency 
values as a correlated frequency grouping; 

wherein each correlated frequency value is selected so 
that the coherent output signal generated at each 45 
correlated frequency grouping equals the initial fre
quency woutput and the coherent output signal gen
erated at each correlated frequency grouping equals 

the initial wave vector k output; and 
( d) detect the coherent output signal. 50 

13. The system of claim 12, the computer-readable 
medium further having computer-readable instructions 
stored thereon that, when executed by the processor, cause 
the controller to generate the set of i correlated frequency 
values and output the set of i correlated frequency values to 55 

the system. 
14. A method for coherent multidimensional spectroscopy 

using the system of claim 12, the method comprising: 
(a) illuminating the location with the set of m coherent 

light pulses to generate the coherent output signal; 60 

(b) scanning the first coherent light pulse of the set of m 
coherent light pulses across the set of i frequency 
values; 

( c) scanning, simultaneously, the second coherent light 
pulse of the set of m coherent light pulses across the set 65 

of i correlated frequency values; and 
(d) detecting the coherent output signal. 

16 
15. A controller for controlling the operations of a system 

for coherent multidimensional spectroscopy, the controller 
comprising: 

a processor; and 
a non-transitory computer-readable medium operably 

coupled to the processor, the non-transitory computer
readable medium comprising instructions, that, when 
executed by the processor, cause the system to: 
(a) illuminate a location in a sample with a set of m 

coherent light pulses, each coherent light pulse hav
ing an initial frequency wm and an initial wave vector 

km, wherein m2:2, to generate a coherent output 
signal having an initial frequency woutput=~±wm and 

an initial wave vector koutput=~±km; 

(b) scan a first coherent light pulse of the set of m 
coherent light pulses across a set of i frequency 
values, wherein i2:2, the set of i frequency values 
including the first coherent light pulse having initial 
frequency w 1 ; 

( c) scan, simultaneously, a second coherent light pulse 
of the set of m coherent light pulses across a set of 
i correlated frequency values, the set of i correlated 
frequency values including the second coherent light 
pulse having initial frequency w2 , wherein each 
correlated frequency value is associated with a cor
responding frequency value of the set of i frequency 
values as a correlated frequency grouping; 

wherein each correlated frequency value is selected so 
that the coherent output signal generated at each 
correlated frequency grouping equals the initial fre
quency woutput and the coherent output signal gen
erated at each correlated frequency grouping equals 

the initial wave vector k output; and 
( d) detect the coherent output signal. 

16. The controller of claim 15, the computer-readable 
medium further having computer-readable instructions 
stored thereon that, when executed by the processor, cause 
the controller to generate the set of i correlated frequency 
values and output the set of i correlated frequency values to 
the system. 

17. A non-transitory computer-readable medium compris
ing computer-readable instructions stored thereon that, when 
executed by a processor, cause a controller for controlling 
the operations of a system for coherent multidimensional 
spectroscopy to direct the system to: 

(a) illuminate a location in a sample with a set of m 
coherent light pulses, each coherent light pulse having 

an initial frequency wm and an initial wave vector km, 

wherein m2:2, to generate a coherent output signal 
having an initial frequency woutput=~±wm and an initial 

wave vector wave vector lZ
0
u,pu,=~±lZm; 

(b) scan a first coherent light pulse of the set of m coherent 
light pulses across a set of i frequency values, wherein 
i2:2, the set of i frequency values including the first 
coherent light pulse having initial frequency w1 ; 

( c) scan, simultaneously, a second coherent light pulse of 
the set of m coherent light pulses across a set of i 
correlated frequency values, the set of i correlated 
frequency values including the second coherent light 
pulse having initial frequency w2 , wherein each corre
lated frequency value is associated with a correspond
ing frequency value of the set of i frequency values as 
a correlated frequency grouping; 
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wherein each correlated frequency value is selected so 
that the coherent output signal generated at each cor
related frequency grouping equals the initial frequency 
woutput and the coherent output signal generated at each 
correlated frequency grouping equals the initial wave 

vector k output; and 
(d) detect the coherent output signal. 
18. The non-transitory computer-readable medium of 

claim 17, further comprising instructions that, when 
executed by the processor, cause the controller to generate 10 

the set of i correlated frequency values and output the set of 
i correlated frequency values to the system. 

* * * * * 

18 


