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Methods for pump-probe spectroscopy are provided. In an 
embodiment, such a method comprises directing pump light 
having a frequency wpump at a location in a sample to excite 
a transition between two quantum states of a target entity in 
the sample, directing probe light at the location to generate 
a coherent output signal having a frequency woutput and a 
wavevector koutpuo and detecting the output signal as the 
probe light is scanned over a range of frequencies. In the 
method, either the transition excited by the pump light is a 
multiphoton transition corresponding to a frequency differ
ence of n*wpump, wherein n2:2; or the probe light is a set of 
m coherent light pulses, each coherent light pulse having a 
frequency wm and a wavevector km, wherein m2:2; or both. 
Systems for carrying out the methods are also provided. 
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ULTRAFAST, MULTIPHOTON-PUMP, 
MULTIPHOTON-PROBE SPECTROSCOPY 

2 
the location; a stage configured to support the sample; a 
detector positioned to detect an output signal; and a con
troller comprising a processor and a computer-readable 
medium operably coupled to the processor. The computer-CROSS-REFERENCE TO RELATED 

APPLICATIONS 

The present application claims priority to U.S. Provisional 
Patent Application No. 62/688,520 that was filed Jun. 22, 
2018, the entire contents of which are hereby incorporated 
by reference. 

s readable medium has computer-readable instructions stored 
thereon that, when executed by the processor, cause the 
system to illuminate the location with the pump light having 
the frequency wpump to excite a transition between two 
quantum states of a target entity in the sample; illuminate the 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with govermnent support under 
DE-SC0002162 awarded by the US Department of Energy. 
The government has certain rights in the invention. 

10 location with the probe light to generate a coherent output 
signal having a frequency woutput and a wavevector koutput; 

and collect the detected the output signal as the probe light 
is scanned over a range of frequencies. The transition 
excited by the pump light is a multiphoton transition corre-

BACKGROUND 

15 sponding to a frequency difference of n*wpump, wherein 
n2:2; or the probe light is a set of m coherent light pulses, 
each coherent light pulse having a frequency wm and a 
wavevector km, wherein m2:2; or both. 

Other principal features and advantages of the disclosure 
20 will become apparent to those skilled in the art upon review 

of the following drawings, the detailed description, and the 
appended claims. 

Measuring ultrafast dynamics is essential to understand
ing the fundamental nature of important phenomena like 
charge transfer across a heterojunction. Techniques like 
transient absorption (TA) spectroscopy are used by many 
researchers to resolve ultrafast dynamics. In this method, a 
pump excites the system of interest, and a probe follows an 25 

extremely short time later and takes a snapshot of the system 
as it evolves back to its unexcited state. The snapshot is 
measured on a detector. Finally, the pump is chopped to 
create a difference spectrum which shows how the excited 
sample's absorption spectrum differs from the unexcited 30 

sample's absorption spectrum. 
Synthesis, characterization, and rational design of nano

structures are points of focus in current research. For 
instance, nanostructures are being used to build next-gen
eration solar cells. However, nanostructures present a prob- 35 

!em for methods like TA because the nanostructures can 

BRIEF DESCRIPTION OF THE DRAWINGS 

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

FIGS. lA-lD show four different but complementary 
pump-probe spectroscopies. FIG. lA shows the lpu-lpr 
(1 pump- I probe) experiment in which two electric field 
interactions create a population. The population is then 
probed with a third electric field; the resultant coherence 
emits an electric field which is detected. FIG. lB shows the 
same experiment as FIG. lA but with a three-photon probe 
in which three electric field interactions create the output 
coherence instead of one. This experiment is notated as 
lpu-3pr (lpump-3probe). FIG. lC shows the same experi
ment as FIG. lA except four electric field interactions are 
required to create the initial population. Hence FIG. lC 

extensively scatter pump light and saturate the detector. 
Many researchers choose to have the color of their pump 
sufficiently different from the color(s) of their probe beam so 
as to avoid saturating their detector with scattered pump 
light. 

SUMMARY 

40 shows two-photon absorption and is notated as 2pu-lpr 
(2pump-lprobe). FIG. lD combines FIGS. lB and lC in 
which four electric field interactions accomplish two-photon 
absorption to create the excited population. The population 
is then probed with three electric field interactions which 

The present disclosure describes new methods and sys
tems for pump-probe spectroscopy. The methods achieve 
increased contrast and/or reduced scatter as compared to 
conventional pump-probe spectroscopic methods, including 
transient absorption spectroscopy. 

45 create the output coherence. Note: only the "excited state 
absorption" pathway is shown; other pathways exist. 

FIG. 2 is a block diagram showing an illustrative system 
for carrying out the disclosed pump-probe spectroscopic 
methods. This figure also illustrates the experimental setup 

In one aspect, methods for pump-probe spectroscopy are 
provided. In an embodiment, such a method comprises 
directing pump light having a frequency wpump at a location 
in a sample to excite a transition between two quantum states 

so for the experiments conducted in the Example, below. The 
direction of propagation of laser beams flows from top to 
bottom. Different colors of lasers are created from the same 
source. The new lasers are chopped, time delayed by 

of a target entity in the sample, directing probe light at the 
location to generate a coherent output signal having a 55 

frequency woutput and a wavevector koutpuo and detecting the 
output signal as the probe light is scanned over a range of 
frequencies. In the method, either the transition excited by 
the pump light is a multiphoton transition corresponding to 
a frequency difference of n*wpump, wherein n2:2; or the 60 

probe light is a set of m coherent light pulses, each coherent 
light pulse having a frequency wm and a wavevector km, 

wherein m2:2; or both. 
In another aspect, systems for carrying out the methods 

are also provided. In embodiments, such a system comprises 65 

optics configured to direct pump light having a frequency 
wpump at a location in a sample and to direct probe light at 

mechanical translation stages, and focused to the same spot 
on a sample. A new beam of light is created in the sample. 
The new beam is isolated spectrally and spatially and finally 
detected. Multidimensional experiments are accomplished 
by changing the colors, time delays, and fluences of the 
lasers overlapped at the sample. Different types of experi
ments are adjudicated by isolating a certain output process 
and using carefully selected color combinations of input 
electric fields. 

FIGS. 3A-3B show the frequency vs. time multidimen
sional experiments conducted on an MoS2 thin film using the 
four different pump-probe spectroscopies shown in FIGS. 
lA-lD. T is time delay between pump(s) and probe(s). 
Dashed, vertical lines indicate the pump energy (twice the 
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pump energy for 2pu experiments). Two pump energies were 
used. A variety of pump and probe fluences were used in 
acquiring the different datasets. The y-axis of FIG. 3B is the 
same as that shown in FIG. 3A. 

4 
using the CARS pathway to access vibrational states, and 
2P-3p processes using SPE or TSF as the probe. These 
pathways take advantage of the multidimensional spectral 
fingerprints that fully coherent pathways provide. They are 

FIG. 4 shows the frequency vs. frequency multidimen
sional experiments conducted on an MoS2 thin film using the 
four different pump-probe spectroscopies shown in FIGS. 
lA-lD. The time delay between the pump and probe is 

5 instantaneous snap-shots of the entangled quantum states at 
different times during the dynamics. Importantly, although 
they are not sensitive to population relaxation, they do 
directly probe coherence transfer where quantum mechani-

T"" 100 fs. A variety of pump and probe fluences were used 
in acquiring the different datasets. The solid contour lines 10 

correspond to decreased probe intensity when pumped, 
while dashed contour lines correspond to increased probe 
intensity when pumped. The relative intensity of the gray
scale colormap is not shared across subplots. 

FIGS. SA-SB show a lpu-3pr experiment conducted on 15 

an MoS2 thin film in which the probe is multidimensional, 
wprobe =2w 1 +w2 . Time delay, T, between the pump and probe 
is notated above each subplot; time proceeds from left to 
right and top to bottom. 

FIGS. 6A-6C illustrate a variety of coherent excitation 20 

schemes. Note that not all pathways are shown. The g, v, and 
e levels are ground, vibrational, and electronic states. 
Arrows toward the left of each scheme represent transitions 
which may be induced by three tunable (e.g., 1,200-34,500 
cm- 1 or 124 meV-4.3 eV) and fast (e.g., 35 fs or 1 ps) light 25 

pulses. 
The transitions are time ordered from left to right. They 

sequentially excite multiple quantum coherences (MQC) of 
different combinations of vibrational and electronic states. 
Pairs of coupled states (ij) within the MQC oscillate at their 30 

difference frequency, wif, and launch their own electromag
netic fields represented by the last arrow (right-most). The 
sequences of solid and dotted arrows denote the pathways 
that excite the i and j states, respectively. Matching the 
phases of the n coherences within the excitation volume 35 

results in cooperative emission of output beams in directions 
where they constructively interfere. Multidimensional spec-
tra result from measuring the enhancement in the output 
beam intensity as the excitation frequency scans across 
vibrational and electronic resonances. The incoherent and 40 

coherence dynamics are measured by changing the time 
delay between excitation pulses. 

FIG. 6A shows partially coherent pathways where the first 
two interactions excite populations and photo-bleach (PB) 
the ground state. The excited population undergoes stimu- 45 

lated emission (SE) or excited state absorption (ESA). These 
three pathways control transient absorption (TA), transient 
reflection (TR), transient grating (TG), and photon echo 
(PE). As described in the present disclosure, 2 photon 
pump-I photon probe (2P-lp) analogues have been <level- 50 

oped to avoid pump-light scattering and to probe band edge 
features that are directly pumped. Pump light scatter is a 
major problem when studying the wide variety of typical 
materials. 

FIG. 6B shows examples of fully coherent pathways: sum 55 

frequency generation (SFG) that selectively probes inter
faces, triple sum frequency (TSF), vibrationally enhanced 
TSF, coherent anti-Stokes Raman spectroscopy (CARS), 
and stimulated photon echo (SPE). They all create output 
frequencies that are spectrally resolved from the excitation 60 

frequencies, they act as multidimensional fingerprints that 
increase spectral selectivity in complex materials, and they 
avoid spectral changes resulting from population and relax
ation dynamics. 

FIG. 6C shows examples of pump-fully coherent probe 65 

methods. They include the PB and SE pathways for 1 photon 
pump-TSP probe (1P-3p ), an alternative 1P-3p pathway 

cal phase coherence is maintained during a relaxation pro
cess. 

FIGS. 7A-7B compare a 2pu-3pr experiment (top row, 
FIGS. 7A-7B) with a 2pu-lpr experiment (bottom row, 
FIGS. 7A-7B) conducted on a -100 µm wide screw-dislo-
cation grown WS2 nanostructure. 

FIG. SA shows a plot of population response versus pump 
fluence from a WS2 monolayer film obtained using 2pu-3pr. 
FIG. SB shows a representative plot of probe frequency 
versus pump-probe delay time from which the population 
response is derived. 

DETAILED DESCRIPTION 

The present disclosure describes new methods and sys
tems for pump-probe spectroscopy. The present methods are 
based, at least in part, on the following innovations: (1) the 
use of a multiphoton pump configured to excite a multipho
ton transition between two quantum states of a target entity 
in a sample or (2) the use of a multidimensional probe 
comprising multiple coherent light pulses to measure the 
nonlinear polarizability of the target entity or both (1) and 
(2). Use of the multiphoton pump reduces scatter, enables 
access to states of different symmetries than is normally 
possible, and enhances spatial resolution of pump-probe 
microscopy. Use of the multidimensional probe enhances 
detection limits, spatial resolution, temporal resolution, and 
selectivity compared to conventional methods. 

In the present methods, the target entity can be a mol
ecule, a molecular functionality (e.g., a particular chemical 
bond), an electron, etc., which may be present or suspected 
of being present in a sample. A variety of samples may be 
examined. By way of illustration, the present methods may 
be used to examine electron interactions in semiconductor 
samples. 
Methods 

Methods for pump-probe spectroscopy are provided. In an 
embodiment, such a method comprises directing pump light 
having a frequency wpump at a location in a sample, the 
frequency wpump selected to excite a quantum transition in a 
target entity in the sample and directing probe light at the 
location, the probe light configured to generate a coherent 
output signal having a frequency woutput and a wavevector 
koutpur In the method, one or both of the following condi
tions apply. The first condition is that the quantum transition 
excited by the pump light is a multiphoton quantum transi
tion corresponding to a frequency difference of n*wpump, 

wherein n2:2. However, if this condition does not apply, the 
quantum transition excited by the pump light is a single
photon quantum transition corresponding to a frequency 
difference of wpump- The second condition is that the probe 
light is a set of m coherent light pulses, each coherent light 
pulse having a frequency wm and a wavevector km, wherein 
m2:2. However, if this condition does not apply, the probe 
light may be a single coherent light pulse having a frequency 
(])probe and a wavevector kprobe· 

In the method, the coherent output signal characterized by 
woutput, koutput is detected as the probe light is scanned over 
a range of frequencies. The method may further comprise 
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repeating the pump illumination, probe illumination, and 
coherent output signal detection steps at one or more dif
ferent time delay (T) values between the pump light and the 
probe light. The method may further comprise repeating the 
pump illumination, probe illumination, and coherent output 
signal detection steps at one or more different values of the 
frequency (])pump· 

Pump Light 
The pump light used in the present method is a coherent 

light pulse characterized by the frequency wpump- The fre
quency selected depends upon the quantum transition to be 
excited in the target entity, as well as whether the excitation 
is to be a single-photon transition (i.e., requiring the absorp
tion of a single photon to induce the quantum transition) or 
a multiphoton transition (i.e., requiring the simultaneous 
absorption of multiple photons to induce the quantum tran
sition). The quantum transition which is excited is a transi
tion between two distinct quantum states of the target entity. 
These distinct quantum states may be discrete quantum 
states or virtual quantum states. These distinct quantum 
states may be a ground state, a vibrational state, or an 
electronic state. The quantum transition which is excited 
may be a single-quantum transition or a multiple-quantum 
transition. 

The pump light may be configured to achieve a single
photon transition or a multiphoton transition by the appro
priate selection of the frequency wpump as noted above, as 
well as by the appropriate selection of the intensity of the 
pump light. Multiphoton transitions require sufficient inten
sity to increase the probability of the simultaneous absorp
tion of multiple photons by the target entity. By "simulta
neous" it is meant that the time delay between the multiple 
photons is zero. Multiphoton transitions are distinguished 
from a series of pump excitations, e.g., pump-pump, in 
which there is a non-zero time delay between the pump 
photons. 

FIG. 6C shows illustrative quantum transitions excited by 
pump light. The pump light corresponds to the first two sets 
of arrows (left-most) in each pathway. By way of illustra
tion, the photobleach-triple sum frequency (PB-TSF) path
way shows pump light which excites a multiple-quantum, 
single-photon transition between a ground state g and a 
virtual electronic state e'. The two-photon stimulated photon 
echo (2P-SPE) pathway shows pump light which excites a 
multiple-quantum, two-photon transition between g-e'. 

In the present method, the pump light may be fixed at the 
selected frequency wpump' but as described above, additional 
steps may be carried out in the method using different values 
of the frequency wpump· (See FIGS. 3A-3B, in which two 
values of wpump were used: 1.8 eV and 2 eV.) Although the 
pump frequencies used depend upon the target entity as 
noted above, pump frequencies in the infrared region (e.g., 
from 3 to 20 microns), those in the near-infrared region ( e.g., 
from 0.8 to 3 microns), those in the visible region ( e.g., from 
0.4 to 0.8 microns), and those in the ultra-violent region 
(e.g., from 200 to 400 nm) of the electromagnetic spectrum 
may be used. 

The coherent light pulses of the pump light may be 
characterized by a number of other properties including 
spectral width (-0.1-500 cm- 1

) and temporal width (150 to 
0.030 ps). Note that the spectral and temporal widths are 
inversely related. As described above, the pulse energy is 
selected depending upon whether single-photon or mul
tiphoton transitions are desired. The coherent light pulses 
may be characterized by a repetition rate (e.g., achieved by 
chopping, see FIG. 2), which may be selected to be half the 
repetition rate of the probe light in order to analyze the 

6 
difference between the coherent light output when the pump 
is on and off (as further described in the Example, below). 
The coherent light pulses of the pump light may be charac
terized by the orientation of its propagation axis relative to 

5 normal to the plane of the sample. The propagation axis of 
the pump light may be normal to the sample plane. 
Probe Light 
Set of m Coherent Light Pulses 

In embodiments of the present method, the pump light 
10 used is a set of m coherent light pulses, each coherent light 

pulse having a frequency wm and a wavevector km, wherein 
m;;,;2. The multiple coherent light pulses interact with the 
target entity (e.g., an excited state population of the target 
entity generated by the pump light) to generate a nonlinear 

15 output polarization, which acts as the source of radiation for 
the coherent output signal having the frequency woutput and 
the wavevector k 0 utpur In general, w 0 utput=~±wm and 
koutput=~±km, where specific quantum pathways are defined 
by specific combinations of wm and km. Thus, different 

20 coherent output signals each characterized by different fre
quencies and wave vectors and associated with different 
quantum pathways may be possible. Particular quantum 
pathway(s) may be monitored by detecting the coherent 
output signal(s) in the corresponding phase-matched direc-

25 tion(s). The detection of the desired coherent output signal 
and discrimination from other possible coherent output 
signals may be facilitated by placing a detector coincident 
with the desired phase-matched direction, by using certain 
beam geometries, and by using apertures to physically block 

30 undesired signals. In addition, altering the propagation axes 
of the coherent light pulses and, therefore, the propagation 
axis of the corresponding coherent output signal allows for 
different pathways to be phase-matched. Finally, detection 
may be accomplished in a reflective geometry, e.g., instead 

35 of placing the detector coincident with koutpuo it is placed at 
-koutput" 

FIG. 6B shows illustrative quantum pathways associated 
with different illustrative coherent excitation schemes using 
two coherent light pulses (i.e., m=2) (SFG, sum frequency 

40 generation) and three coherent light pulses (i.e., m=3) (TSF, 
triple sum frequency; V-TSF, vibrationally enhanced triple 
sum frequency; CARS, coherent anti-Stokes Raman spec
troscopy; and SPE, stimulated photon echo). It is noted that 
not all possible quantum pathways are shown for each 

45 coherent excitation scheme. By way of illustration, the 
coherent output signal for the TSF quantum pathway using 
three coherent light pulses (wi, k 1 and w2, k2 and w3, k3) is 
characterized by (J)output=(J)l +w2+W3 and koutput=k1 +k2+k3. 
FIG. 6B also shows that the quantum transitions excited by 

50 each coherent light pulse may be between discrete quantum 
states, virtual quantum states, and combinations thereof. The 
quantum states may be a ground state, vibrational states, or 
electronic states. The quantum transitions may be single
quantum transitions or multiple-quantum transitions. The 

55 quantum transitions are generally single-photon transitions, 
although FIG. 6C shows a quantum pathway for a HCARS 
excitation scheme involving a two-photon transition. 

In the present method, the frequencies selected for each of 
the m coherent light pulses generally depend upon the 

60 desired coherent excitation scheme and the target entity. In 
the set of m coherent light pulses, an individual coherent 
light pulse may have the same frequency as another indi
vidual coherent light pulse or a different frequency. Thus, in 
a set of three coherent light pulses, the subscripts on w1 , w2, 

65 and w3 are meant only to distinguish individual, independent 
coherent light pulses from one another. However, in embodi
ments, all of the individual coherent light pulses in the set of 
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m coherent light pulses have the same frequency. (See FIGS. 
3A-3B and FIG. 4.) In embodiments, at least two individual 
coherent light pulses in the set of m coherent light pulses 
have different frequencies. (See FIGS. SA-5B) In embodi
ments, all of the individual coherent light pulses in the set of 5 

m coherent light pulses have different frequencies. 
In the present method, the coherent output signal is 

detected as the probe light frequency changes over a range 
of frequencies, the range which includes the selected fre
quency described above. For a set of m coherent light pulses, 10 

this means that the frequencies of the coherent light pulses 
may be scanned together (e.g., see FIG. 3B), independently, 
or some combination thereof. A combination is illustrated in 
FIGS. SA-5B, in which one light beam is used to provide 

15 
one coherent light pulse having a frequency co i, and another 
light beam is used to provide a second and third coherent 
light pulse each having the same frequency w2. The coherent 
output signal (!)output=(!)l +2w2 and koutput=k1 +2k2 is detected 
(or -koutput is detected in a reflective geometry) as the 20 

frequencies of two of the coherent light pulses are scanned 
together while the frequency of the other coherent light 
pulse is independently scanned. 

Although the frequencies used for each of them coherent 
light pulses depend upon the desired coherent excitation 25 

scheme and the target entity, frequencies in the infrared 
region ( e.g., from 3 to 20 microns), those in the near-infrared 
region (e.g., from 0.8 to 3 microns), those in the visible 
region (e.g., from 0.4 to 0.8 microns), and those in the 
ultra-violent region (e.g., from 200 to 400 nm) of the 30 

electromagnetic spectrum may be used. 
The m coherent light pulses may be characterized by the 

time delays between individual coherent light pulses. By 
way of illustration, time delays may be defined relative to a 

35 
first coherent light pulse such that 1:21 =t2-"t1 and 1:31 =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 40 

between individual coherent light pulses is zero. The time 
delays between individual coherent light pulses may be 
fixed. Alternatively, the time delays may be scanned over a 
range of time delays, or additional steps may be carried out 

8 
Single Coherent Light Pulses 

In embodiments of the present method, the probe light 
used is a single coherent light pulse having the frequency 
wprobe and the wavevector kprobe· When a single coherent 
light pulse is used, it interacts with the target entity (e.g., an 
excited state population of the target entity generated by the 
pump light) to generate a nonlinear output polarization, 
which acts as the source of radiation for the coherent output 
signal having the frequency woutput and the wavevector 
koutput, wherein (jJoutput=(jJprobe and koutput=kprobe· 

As described above for the set of m coherent light pulses, 
the frequency wprobe selected generally depends upon the 
target entity and frequencies in the infrared, near-infrared, 
visible, and ultra-violet regions of the electromagnetic spec
trum may be used. Similarly, when using a single coherent 
light pulse as the probe light, the coherent output signal is 
detected as the probe light changes over a range of frequen
cies, the range which includes the selected frequency. 

Single coherent light pulses having relatively narrow 
spectral widths (and associated, inversely proportional tem
poral widths) and relatively high intensities may be used as 
described above with respect to the individual coherent light 
pulses in the set of m coherent light pulses. The character
ization/selection of repetition rate and propagation orienta-
tion is analogous to that described above for the set of m 
coherent light pulses. 

In the present methods, the pump light (whether config-
ured to achieve a single-photon quantum transition or a 
multiphoton quantum transition) and the probe light 
(whether as a set of m coherent light pulses or a single 
coherent light pulse) are spatially overlapped at the location 
in the sample. The overlap may be a complete overlap so that 
the centers of each illumination spot are coincident or a 
partial overlap. Partial overlap is useful to allow for the 
spatial region of the sample being illuminated to be smaller 
than the smallest diffraction limited spot size. 

Similarly, regardless of the particular configuration of the 
pump light and the probe light, a time delay T defines the 
time delay between the arrival of the pump light and the 
arrival of the probe light at the location in the sample. The 
time delay T may be defined relative to the pump light. The 
time delay T may be fixed at a particular value (see FIG. 4), 
but as described above, additional steps may be carried out 
in the method using different values of the time delay T. (See 

in the method using different values of the time delays. 45 FIGS. 3A-3B and FIGS. SA-5B.) 
The m coherent light pulses may be each characterized by 

a number of other properties including spectral width (-0.1-
500 cm- 1

) and temporal width (150 to 0.030 ps), which are 
generally selected based upon the desired coherent excita
tion scheme. The m coherent light pulses may be each 50 

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. The m coherent 
light pulses may be each characterized by a repetition rate 
(-10 to 108 Hz) ( e.g., achieved by chopping, see FIG. 2), 55 

which is generally selected to provide a desired data acqui
sition speed. Note that the pulse energy and repetition rate 
choices are inversely correlated. Each of the m coherent 
light pulses may be characterized by the orientation of its 
propagation axis relative to the normal to the plane of the 60 

sample. For example, a coherent light pulse may have a 
propagation axis which is normal to the sample plane. 
Alternatively, a coherent light pulse may have a propagation 
axis which forms an angle 8 relative to normal. The m 
coherent light pulses may be configured in a non-collinear 65 

beam geometry in which different coherent light pulses are 
characterized by different propagation axes. 

Illustrative quantum pathways which may be analyzed 
using the present methods are shown in FIG. 6A (boxed 
region) and FIG. 6C. The boxed region of FIG. 6Aillustrates 
quantum pathways which may be analyzed using the present 
method, wherein the pump light is configured to excite a 
multiphoton quantum transition and the probe light is a 
single coherent light pulse (i.e., various 2P-lp pathways). 
The solid boxed regions of FIG. 6C illustrate quantum 
pathways which may be analyzed using the present method, 
wherein the pump light is configured to excite a single
photon quantum transition and the probe light is a set of 3 
coherent light pulses (i.e., various 1P-3p pathways) or a set 
of 4 coherent light pulses (i.e., a 1P-4p pathway). The 
dashed boxed region of FIG. 6C illustrates quantum path
ways which may be analyzed using the present method, 
wherein the pump light is configured to excite a multiphoton 
quantum transition and the probe light is a set of 3 coherent 
light pulses (i.e., various 2P-3p pathways). See also FIG. 1B 
for a schematic of a 1P-3p quantum pathway, FIG. lC for a 
schematic of a 2P-lp quantum pathway, and FIG. lD for a 
schematic of a 2P-3p quantum pathway. FIGS. 3A-3B, 4, 
and SA-5B present results of analyzing these quantum 
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pathways in an MoS2 semiconductor film using the present 
method. These results have been referenced above and are 
further described in the Example, below. 
Systems 

Systems for carrying out the present methods are also 5 

provided. An illustrative system is shown in FIG. 2. The 
systems may include a microscope, including a confocal 
microscope. In general, the microscope comprises optics 
configured to receive the pump light and the probe light from 
light sources and to direct the pump/probe light into a 10 

sample. These optics may include optics configured to direct 
the pump/probe light along desired propagation axes to 
achieve a desired beam geometry and optics (e.g., an objec
tive lens) configured to focus the pump/probe light into the 

15 
sample. The microscope also comprises a stage configured 
to support the sample and a detector (e.g., a photomultiplier 
tube) configured to receive and to detect a coherent output 
signal generated from the sample. 

Introduction 

10 
EXAMPLE 

Light interacts with matter as defined by Maxwell's 
equations. In these equations an electric field, E, can drive 
an oscillating material polarization, P, which can then drive 
a new electric field. Traditionally, P is written as an expan
sion in powers of E: 

P~e0 (y}1>E+y}2>E2+y.<3>E3+ ... ) 

in which the tensorial nature of all terms has been neglected. 
The absorptivity and reflectivity of a system are encoded in 
l 1l. Second harmonic and third harmonic generation (SHG 
and THG, respectively) efficiency are encoded in xC2 l and 
l 3 l, respectively. The ability of an optical pump to change 
a sample's absorption or reflection spectrum is also encoded 
in l 3 l_ Ultrafast measurements typically interrogate l 3 l_ In 
this Example, many different orders of x were interrogated 
by using multiple photon pumps and probes. 

When a single electric field interacts with a system, it 
drives a coherence in which the system is oscillating 
between two states with a frequency defined by the energy 
difference between the states. This coherence is a quantum 
mechanical superposition of states (1.jJ) with weighting-

The system may comprise a variety of other components. 20 

The system may comprise the light sources (and associated 
optics) configured to generate coherent light pulses having 
certain of the characteristics described herein ( e.g., fre
quency, spectral width, temporal width, pulse energy). The 
system may comprise optics configured to adjust the time 
delay between the coherent light pulses. The system may 
comprise choppers configured to achieve desired repetition 
rates for the pump/probe light. The system may comprise 
optics configured to receive light generated from the sample 

25 factors c: 

in which "0" and "1" are arbitrary state labels. 

or passing through the sample and to direct the light towards 
In Dirac bra ket notation, the interaction with an electric 

30 field can be written as: 
a detector, including optics configured to focus or collimate 
the light. The system may comprise an aperture configured 

10)(01-11)(01 

in which 11) ( 01 is the newly created coherence. If another 
electric field interacts with the coherence before it decays, 
three pathways can be traversed: 

11)(01-10)(01 

11)(01-11)(11 

11)(01-12)(01. 

These pathways detail returning to the starting state, creating 
an excited population, and creating a double quantum coher
ence, respectively. As noted earlier, coherences oscillate at 
their state's frequency difference; the notated pathways 
result in coherences with frequency differences of w00=0, 
w u =0, and w20 . It is apparent that the first two coherences 
have been driven to be non-oscillating populations by the 
second electric field interaction, while the last pathway 
results in a state which oscillates at a different frequency 

to receive light generated from the sample or passing 
through the sample and to block undesired light ( e.g., certain 
coherent excitation pulses or undesired coherent output 35 

signals). This or another aperture may also be configured to 
block light generated from regions within the sample which 
are outside the focus region, although such apertures may 
not be necessary. The system may comprise optical filters 
configured to receive light generated from the sample or 40 

passing through the sample and to block undesired light 
(e.g., certain coherent excitation pulses). Monochromators 
may also be used for this purpose. The system may further 
comprise components for controlling certain operations of 
the microscope, e.g., a processor and a computer-readable 45 

medium operably coupled to the processor, the computer
readable medium having computer-readable instructions 
stored thereon that, when executed by the processor, cause 
the scamiing microscope to perform certain operations for 
controlling the microscope. 50 than it started at. Two interactions with electric fields are 

Scanning microscopes may also be used so that various 
locations in the sample may be analyzed. Scanning may be 
achieved by scamiing the pump/probe light relative to the 
sample, e.g., via scamiing optics in the scamiing microscope, 
or by scanning the sample relative to the pump/probe, e.g., 55 

via a scamiing stage. In the former case, the scanning optics 
typically control the x and y position of the pump/probe 
relative to the sample. The z position may be controlled by 
adjusting the position of the objective lens relative to the 
sample. The scamiing optics for scanning the pump/probe 60 

light relative to the sample may include galvano scanners, 
e.g., such as those available on the Nikon Al MP confocal 
microscope available from Nikon Instruments, Inc. The 
spatial resolution that is possible in the scamiing microscope 
is determined by the diffraction limited spot size of the 65 

highest frequency of the coherent light pulses and the 
coherent output signal. 

required to drive a system to a population. In common 
parlance, one photon can create a population. Also, in 
common parlance, two photons are required to drive a 12) ( 01 
coherence which can then emit light and accomplish "sec
ond harmonic generation" (SHG). Conversely, as evidenced 
earlier, an excited state, 11) ( 11, and a double quantum 
coherence, 12 )( 01, were caused by the same number of 
electric field interactions. Thusly, common parlance and the 
present wave-mixing approach differ in nomenclature for 
counting interaction numbers: phased electric field interac
tions vs. quantized photons. 
A New Family of Pump-Probe Spectroscopies 

FIGS. lA-lD show four wave-mixing energy-level 
(WMEL) diagrams for individual spectroscopic methods. 
Note, only the "excited state absorption" (ESA) pathway is 
shown for each method----other pathways are present. The 
transitions are time-ordered from left to right. Each arrow is 
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In this Example, a pump step is added by optically 
exciting a sample with an intense pump, Epump' probing with 
a multi-beam TSF probe, and then chopping the pump to see 
how the presence of the pump changes the TSF spectrum. 

a sequential excitation of a multiple quantum coherence 
(MQC). Pairs of coupled states (i and j) within the MQC 
oscillate at their difference frequency, w,1, and launch their 
own electromagnetic fields represented by the final down
ward arrow. The sequences of solid and dotted arrows 
denote the pathways that excite the i and j states, respec
tively. 

5 This algorithm is analogous to how pump-probe, TA, and 
TR datasets are collected. In the conventional methodolo-

Each WMEL shows a population of state 11 ) created by 
the pump field. The probe then creates a coherence between 
states 11 ) and 12) ; this coherence emits at the states' fre- 10 

quency difference, w21 . The key difference between the 
experiments shown is how the initial population is created 
and then how it is probed. 

In FIG. lA (lpu-lpr, i.e., lpump-lprobe), the population 

gies, the pumped signal interferes with an unperturbed 
reflected or transmitted beam at the detector; this process is 
called self-heterodyne detection. The relative phases of the 
perturbed and unperturbed beams are locked. In pump-TSF
probe, the pumped-TSP signal (xC5 l) interferes with unper-
turbed TSF (l3l) at the detector. The relative phases ofTSF 
and pumped-TSP are not guaranteed to be locked together. 
Description of Experiment 

FIG. 2 is a block diagram of the system used to perform 
the experiments conducted in this Example. An ultrafast 
oscillator seeds a regenerative amplifier which creates ultra
fast pulses (-40 fs) centered at 1.55 eV (800 nm) with a 1 

is created with two electric field interactions of opposite 15 

phase (one photon total) and probed with one electric field 
interaction with an output of the opposite phase. In the 
present case, the one photon probe is accomplished in the 
reflective direction, so "transient reflection" spectroscopy is 
being performed. 20 kHz repetition rate. These pulses pump commercial optical 

parametric amplifiers (OPAs). The OPAs and their associ
ated mixing stages can generate tunable pulses of light 
spanning the visible and near IR frequency ranges. One of 
the OPAs has its output further split, thus three beams are 

In FIG. 1B (lpu-3pr, i.e., lpump-3probe), the population 
is created with two electric field interactions of opposite 
phase ( one photon total) and probed with three electric field 
interactions. The electric field interactions can come from 
the same beam or different beams, or even beams of different 
colors. In the present experiments, a TSF (triple-sum fre
quency) probe is used in which two beams of different colors 
are used to drive the output coherence ( one beam interacts 
with the sample twice). A THG (triple-harmonic generation) 
probe is also used in which two beams of the same color 30 

drive the output coherence (again, one beam interacts with 
the sample twice). 

25 present on the laser table with frequencies co 1, w2 , and w3 

In FIG. lC (2pu-lpr, i.e., 2pump-lprobe), the population 
is created with two pairs of electric field interactions (four 
field interactions for a total of two photons) and probed, as 35 

above, with one electric field interaction. 

and wave vectors k i, k 2 , and k 3 , respectively. Residual 
light from the regenerative amplifier is also used as a fourth 
beam. The desired experiment (i.e., coherent excitation 
scheme, see FIGS. lA-lD) dictates which beam lines and 
colors are in use for a given experiment. The beams are 
focused onto the sample. The spatially and temporally 
coherent output from the sample is spatially isolated in 
(generally) the reflected direction with an aperture, focused 
into a monochromator, and detected. Motorized retro-reflec
tors control the relative arrival time of all pulses at the 
sample position. It is noted that the dispersion of transmis-
sive optics in the beam paths makes the beams' time-of
flight color-dependent. This color-dependent time-of-flight 
is actively corrected by offsetting the arrival time setpoint 

In FIG. lD (2pu-3pr, i.e., 2pump-3probe), the population 
is created with two pairs of electric field interactions and 
probed, as above, with three electric field interactions. 
Pump-TSP-Probe 40 for each possible color combination. The offset is empiri

cally defined by maximizing TSF signal and is loaded into 
the acquisition software. The beams are chopped using 
commercial optical choppers in order to isolate the desired 

In this Example, TSF spectroscopy is used as a multidi
mensional probe. TSF is the non-degenerate analog ofTHG 
and the four-wave mixing extension of three-wave mixing 
processes like sum-frequency generation (SFG) and SHG. 
TSF uses independently tunable ultrafast pulses to coher- 45 

ently excite states in a ladder-climbing style. Changing the 
multiple input pulse frequencies enables collection of a 
multidimensional spectrum. Cross peaks in the spectrum 
identify the dipole coupling between states. TSF has previ
ously studied vibrational and electronic states of molecules. 50 

TSF has also studied an MoS2 thin film. For additional 
description of TSF, see U.S. Pat. No. 9,267,893, which is 
hereby incorporated by reference in its entirety. 

The TSF spectrum of a semiconductor may be acquired in 
a two-beam, reflective geometry. Two electric fields E1 and 55 

E2 with frequencies co 1 and w2 and wave vectors k 1 and k 2 

drive a polarization which emits a new electric field with 

60 

wave vector -(k 1 +2 k 2 ) (the negative signs correspond to 
the reflective direction) and frequency w:,:=w 1 +2w2 . It is 
noted that the fact that TSF is not phase-matchable over long 
sample lengths is not a problem if the experiment is accom
plished in a reflective geometry. The temporally and spa
tially coherent newly emitted TSF field is spatially isolated, 
filtered with a monochromator or bandpass filters, and 65 

finally measured (generally with a photomultiplier tube; 
homodyne detection). 

signal. The acquisition software, which controls all motors 
and records data, is open source (MIT License), written in 
Python, and available on GitHub. 

There are many different ways to define the useful "sig
nal" outputs of these experiments. One way is a difference 
between pumped and not pumped probe intensity: 

signald(ff'=pump on-Jpump off 

in which 1 refers to the measured probe intensity. signal_diff 
suffers from different probe intensities not being represented 
equally. This is especially problematic when using driving 
electric fields with non-uniform intensities across their 
dynamic range and when the probe intensity is greatly 
increased on resonance (as it is for reflective and TSF 
probes). One simple solution is to divide signal_diffby the 
unpumped probe intensity: 

• l = !pump on - fpump off 

stgna ratw - I pump off 

This is the solution used in this Example; however, it is 
noted that this metric can yield unintuitive results when the 
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un-pumped and pumped probe do not have a fixed phase 
relationship for all probe frequencies. 
Brief Introduction to MoS2 's Optical Properties 

In this Example, a polycrystalline MoS2 thin film is 
investigated. Transition metal dichalcogenides (TMDCs ), 5 

such as MoS2 , are layered semiconductors whose indirect 
bandgaps become direct in the monolayer limit. TMDCs 
exhibit strong spin-orbit coupling and high charge mobility, 
and they have novel photonic capabilities. The optical 
spectrum ofMoS2 is dominated by three features: A (fiw,.,1.8 10 

eV), B (fiw,.,1.95 eV), andC (fiw,.,2.7 eV).AandB originate 
from high binding energy excitonic transitions between 
spin-orbit split bands. The stronger C feature is predicted to 
arise from a large joint density of states (JDOS) due to band 

15 
nesting across a large section of the Brillouin zone (BZ). 
Representative Data 

Enclosed are representative datasets which demonstrate 
the ability to do multiphoton pump and probe spectrosco
pies. FIGS. 3A-3B compare the conventional method, tran- 20 

sient reflectance (lpu-lpr), with the new methods: single
photon pump-TSP-probe (lpu-3pr), two-photon pump
probe (2pu-lpr), and two-photon pump-TSP-probe method 
(2pu-3pr) on a polycrystalline MoS2 thin film. In the experi
ments, the probe frequency was scanned over a range of 25 

frequencies (x-axis) and the time delay T between the pump 
and probe beams was scanned over a range of values 
(y-axis). This provides a multidimensional correlation map 
of the excited sample. FIG. 4 shows the results of the four 
spectroscopies at a fixed time delay T between the pump and 30 

probe beams as both the pump beam and probe beams were 
scanned over ranges of frequencies. This is useful to resolve 
how systems excited with different energies evolve. 

The three-photon-probe demonstrated in FIG. 3B is com-
35 

posed of three degenerate electric field interactions, i.e., 
each photon has the same frequency. However, the beauty of 
multiphoton probes lies in the fact that they need not be 
composed exclusively of degenerate interactions. FIGS. 
SA-SB show the results of an experiment in which an MoS2 40 

thin film was pumped with 3.1 eV light (exciting into the C 
feature), and a two-dimensional TSF probe composed of 
three photons was used. In the two-dimensional TSF probe, 
one photon had frequency co 1 and the other two photons had 
frequency CO2 to provide wprobe =2w2 +w 1 . In the different 45 

subplots, w1 and w2 were each scanned over a range of 
frequencies at different values of the pump-probe time delay, 
T, to resolve dynamics. 

FIGS. 7A-7B show the results of an experiment in which 
a -100 µm wide screw-dislocation grown WS2 nanostructure 50 

was analyzed using a 2pu-3pr (top row, FIGS. 7A-7B) 
experiment and a 2pu-lpr (bottom row, FIGS. 7A-7B, 
measured using a reflective geometry) experiment in order 
to compare the two pump-probe spectroscopies. The rows 
show probe frequency in eV (x-axis, 3nwprobe for top row 55 

and nwprobe for bottom row) versus pump-probe delay time 
(y-axis) with different frames for different pump colors 
(colunm titles). The 2pu-3pr experiment easily resolves a 
feature in the left-most columns, but 2pu-lpr is not able to 
resolve a feature above noise for the first two pump colors. 60 

The colormap in the first row is analogous to "signal_diff," 
and the colormap in the second row is analogous to "sig
nal_ratio." FIG. SA shows a plot of population response 
versus pump fluence from a WS2 monolayer film obtained 
using 2pu-3pr. The pump energy was 0.99 eV. A quadratic 65 

relationship (solid line, guide to eye) is consistent with two 
photon absorption. FIG. SB shows a representative plot of 

14 
probe frequency versus pump-probe delay time from which 
the population response is derived. Colormap is analogous 
to "signal_diff." 

CONCLUSIONS 

This Example demonstrates techniques which are not 
susceptible to pump scatter, and therefore unlock the inves
tigation of a new region of ultrafast dynamics in nano struc
tures. There are two important features of the techniques 
shown in this Example. First, instead of measuring the 
absorption/transmission/reflection coefficient of a sample 
(related to the linear polarizability), the sample's non-linear 
polarizability was measured. Specifically, the sample's abil
ity to accomplish third harmonic generation of incident 
probe photons was measured. Second, instead of exciting a 
sample with photons of energy, E, samples were excited with 
photons of energy E/2. 2-photon absorption was accom
plished to create excited states. Crucially, all pump scatter 
was far removed from the probe colors close to E, which 
eliminated susceptibility to pump scatter. 

Using the described techniques, it is possible to measure 
multidimensional spectra of semiconductor nanostructures 
and map the relaxation of excited electronic states in nano
structures which defy methods like transient absorption 
spectroscopy. These techniques will be essential to measur
ing the ultrafast response of complex nanostructures. 

Using the non-linear polarizability as a probe provides at 
least three advancements over the current state-of-the-art. 
First, instead of using a one-dimensional probe (color) as for 
TA, more than one color can be used (i.e., a multidimen
sional probe), e.g., 2 colors for a two-dimensional probe, 3 
colors for a three-dimensional probe, etc. Judicious choice 
of these colors can lead to observation of how the coupling 
of different states changes when the sample is excited. 

Second, transient absorption is a derived measurement in 
which a change in absorption is measured. In semiconductor 
nano structures, a total conversion of the ground state into the 
excited state(s) will lead to a change in signal of -5%. In the 
described measurements, a total change of the ground state 
to excited state leads to - 100% change in signal. The new 
method is therefore more sensitive to small changes in the 
ground state than conventional methods. 

Third, transient absorption measurements on semiconduc
tors are complicated by changes in the reflection coefficient 
due to a changing refractive index. Recent literature has 
shown that this type of artifact has tainted an entire field of 
ultrafast measurements on perovskite nanostructures which 
lead to many wrong conclusions. The described technique 
directly measures the non-linear polarizability and is agnos
tic to changes in reflectivity. The described technique side
steps the artifact instead of removing the artifact with 
advanced optical theory and expensive computations, which 
is typically outside the training of many users of TA spec
troscopy. 

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

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 
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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 
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12. The method of claim 1, wherein the transition excited 

by the pump light is the multiphoton transition correspond
ing to the frequency difference of n*wpump, wherein n2:2, 

wherein the probe light comprises the m coherent light 
pulses, each coherent light pulse having the frequency 
wm and the wavevector km, wherein m2:2, 

and wherein w 0 utput=+wm and k 0 utput=~±km. 

in the art to utilize the disclosure in various embodiments 5 

and with various modifications as suited to the particular use 
contemplated. It is intended that the scope of the disclosure 
be defined by the claims appended hereto and their equiva
lents. 

13. The method of claim 12, wherein at least two of the 
coherent light pulses in the set of m coherent light pulses 

10 have different frequencies. 

What is claimed is: 
1. A method for pump-probe spectroscopy, the method 

comprising: 
(a) directing pump light having a frequency wpump at a 15 

location in a sample to excite a transition between two 
quantum states of a target entity in the sample, 

14. The method of claim 12, wherein n=2, such that the 
transition excited by the pump light is a two-photon transi
tion corresponding to the frequency difference of 2*wpump

l5. The method of claim 12, wherein m=3 and 
(J)output=±(J)l ±W2±W3 and koutput=±k1 ±k2±k3. 

16. The method of claim 14, wherein m=3 and 
(J)output=±(J)l ±W2±W3 and koutput=±kl ±k2±k3. (b) directing probe light at the location to generate a 

coherent output signal having a frequency woutput and a 
wavevector k 0 utput, 

17. The method of claim 16, wherein W 0 utput=w 1 +w2+w3 
20 and koutput=k1 +k2+k3. 

wherein the transition excited by the pump 
multiphoton transition corresponding to a 
difference of n*wpump' wherein n2:2; or 

light is a 
frequency 

wherein the probe light is a set of m coherent light pulses, 
each coherent light pulse having a frequency wm and a 25 

wavevector km, wherein m2:2; or 
both; and 
( c) detecting the output signal as the probe light is scanned 

over a range of frequencies. 
2. The method of claim 1, wherein at least two of the 30 

coherent light pulses in the set of m coherent light pulses 
have different frequencies. 

3. The method of claim 1, further comprising repeating 
steps (a)-(c) at one or more different time delay T values 
between the pump light and the probe light or repeating steps 35 

(a)-(c) at one or more different values of wpump or both. 
4. The method of claim 1, wherein the transition excited 

by the pump light is the multiphoton transition correspond
ing to the frequency difference of n*wpump, wherein n2:2, 

wherein the probe light is a single coherent light pulse 40 

having a frequency wprobe and a wavevector kprobe, 

and wherein (J)output=-(J)probe and koutput=-kprobe· 

5. The method of claim 4, wherein n=2, such that the 
transition excited by the pump light is a two-photon transi
tion corresponding to the frequency difference of 2*wpump- 45 

6. The method of claim 5, further comprising repeating 
steps (a)-(c) at one or more different time delay T values 
between the pump light and the probe light or repeating steps 
(a)-(c) at one or more different values of wpump or both. 

7. The method of claim 1, wherein the transition excited 50 

by the pump light is a single-photon transition correspond
ing to a frequency difference of wpump, 

18. The method of claim 16, further comprising repeating 
steps (a)-(c) at one or more different time delay T values 
between the pump light and the probe light or repeating steps 
(a)-(c) at one or more different values of wpump or both. 

19. A system for pump-probe spectroscopy, the system 
comprising: 

optics configured to direct pump light having a frequency 
wpump at a location in a sample and to direct probe light 
at the location; 

a stage configured to support the sample; 
a detector positioned to detect an output signal; and 
a controller comprising a processor and a computer

readable medium operably coupled to the processor, the 
computer-readable medium having computer-readable 
instructions stored thereon that, when executed by the 
processor cause the system to 
(a) illuminate the location with the pump light having 

the frequency wpump to excite a transition between 
two quantum states of a target entity in the sample, 

(b) illuminate the location with the probe light to 
generate a coherent output signal having a frequency 
w 0 utput and a wavevector k 0 utput, 

wherein the transition excited by the pump light is a 
multiphoton transition corresponding to a frequency 
difference of n*wpump, wherein n2:2; or 

wherein the probe light is a set of m coherent light 
pulses, each coherent light pulse having a frequency 
wm and a wavevector km, wherein m2:2; or 

both; and 
(c) collect the detected the output signal as the probe 

light is scanned over a range of frequencies. 
wherein the probe light comprises the m coherent light 

pulses, each coherent light pulse having the frequency 
wm and the wavevector km, wherein m2:2, 

20. The system of claim 19, wherein at least two of the 
coherent light pulses in the set of m coherent light pulses 

55 have different frequencies. 
and wherein w 0 utput=~±wm and k 0 utput=~±km. 

8. The method of claim 7, wherein at least two of the 
coherent light pulses in the set of m coherent light pulses 
have different frequencies. 

9. The method of claim 7, wherein m=3 and 60 

(J)output=±(J)l ±W2±W3 and koutput=±kl ±k2±k3. 
10. The method of claim 9, wherein W 0 utput=w 1 +w2+w3 

and koutput=kl +k2+ky 
11. The method of claim 9, further comprising repeating 

steps (a)-(c) at one or more different time delay T values 65 

between the pump light and the probe light or repeating steps 
(a)-(c) at one or more different values of wpump or both. 

21. The system of claim 19, wherein the computer
readable instructions, when executed by the processor cause 
the system to repeat steps (a)-(c) at one or more different 
time delay T values between the pump light and the probe 
light or repeat steps (a)-(c) at one or more different values of 
wpump or both. 

22. The system of claim 19, wherein the transition excited 
by the pump light is the multiphoton transition correspond
ing to the frequency difference of n*wpump, wherein n2:2, 

wherein the probe light is a single coherent light pulse 
having a frequency wpump and a wavevector kprobe, 

and wherein (J)output=-(J)probe and koutput~kprobe· 
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23. The system of claim 22, wherein n=2, such that the 
transition excited by the pump light is a two-photon transi
tion corresponding to the frequency difference of 2*wpump-

24. The system of claim 23, wherein the computer
readable instructions, when executed by the processor cause 5 
the system to repeat steps (a)-(c) at one or more different 
time delay T values between the pump light and the probe 
light or repeat steps (a)-( c) at one or more different values of 
wpump or both. 

25. The system of claim 19, wherein the transition excited 
10 

by the pump light is a single-photon transition correspond
ing to a frequency difference of wpump' 

wherein the probe light comprises the m coherent light 
pulses, each coherent light pulse having the frequency 
wm and the wavevector km, wherein m 2:2, 

and wherein w 0 u,pu,=Y±wm and k 0 u{Pu,=~±km. 

26. The system of claim 25, wherem at least two of the 
coherent light pulses in the set of m coherent light pulses 
have different frequencies. 

15 
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30. The system of claim 19, wherein the transition excited 

by the pump light is the multiphoton transition correspond
ing to the frequency difference of n*wpump, wherein n2:2, 

wherein the probe light comprises the m coherent light 
pulses, each coherent light pulse having the frequency 
wm and the wavevector km, wherein m2:2, 

and wherein w 0 u,pu,=Y±wm and k 0 u,pu,=Y±km. 

31. The system of claim 30, wherein at least two of the 
coherent light pulses in the set of m coherent light pulses 
have different frequencies. 

32. The system of claim 30, wherein n=2, such that the 
transition excited by the pump light is a two-photon transi
tion corresponding to the frequency difference of 2*wpump-

33. The system of claim 30, wherein m=3 and 
(J)output=±wl ±W2±W3 and koutput=±kl ±k2±k3. 

34. The system of claim 32, wherein m=3 and 
(J)output=±wl ±W2±W3 and koutput=±k1 ±k2±k3. 

27. The system of claim 25, wherein m=3 and 
(J)output=±wl ±W2±W3 and koutput=±k1 ±k2±k3. 

28. The system of claim 27, wherein W
0

utput=w 1 +w2+w3 
and k 0 u,pu,=k1 +k2+k3. 

35. The system of claim 34, wherein W 0 utput=w 1 +w2+w3 
20 and koutput=kl +k2+k3. 

29. The system of claim 27, wherein the computer
readable instructions, when executed by the processor cause 
the system to repeat steps (a)-(c) at one or more different 25 

time delay T values between the pump light and the probe 
light or repeat steps (a)-( c) at one or more different values of 
wpump or both. 

36. The system of claim 34, wherein the computer
readable instructions, when executed by the processor cause 
the system to repeat steps (a)-(c) at one or more different 
time delay T values between the pump light and the probe 
light or repeat steps (a)-(c) at one or more different values of 
wpump or both. 

* * * * * 


