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Experiment and Analysis of Two-Photon Absorption
Spectroscopy Using a White-Light Continuum Probe
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Abstract—\We present an experimental technique along with any possible temporal modulation), the laser beam'’s spatial dis-
the method of data analysis to give nondegenerate two-photon tripution (and any possible changes with propagation through
absorption (2PA) spectra. We use a femtosecond pump pulse andthe sample), and the source energy must all be accurately

a white-light continuum (WLC) probe to rapidly generate the - . .
2PA spectra of a variety of materials. In order to analyze data monitored at each Wavelengt\}j, in order to determine the

taken with this method, the spectral and temporal characteristics irradiancel();,) = energy();)/area(,)/time(A,).
of the WLC must be known, along with the linear dispersion of Despite these complications, there have been numerous suc-
the sample. This allows determination of the temporal walk-off of  cesses in determining nonlinear spectra of many materials even
the pump and probe pulses as a function of frequency caused by \ith only a couple of wavelengths, e.g., 1.06d and 532 nm.
group-velocity mismatch. Data correction can then be performed For example, the Z-scan method has proven quite useful in sepa-
to obtain the nonlinear losses. We derive an analytical formula for ple, ; X p _q ; p
the normalized nonlinear transmittance that is valid under quite  rately measuring NLA and nonlinear refraction at single wave-
general experimental parameters. We verify this on ZnS and use it lengths for semiconductor and transparent dielectric materials
for the determination of 2PA spectra of some organic compounds [6]. However, for materials with more complicated electronic
in solution. We also compare some of the data on organics with tr\,cture. such as complex organic compounds, multiple two-
two-photon fluorescence data and find good agreement. ’ . X )
photon bands can occur. To date, no universal theory of struc
Index Terms—Nonlinear transmission, nonlinear wave propa- ture property relations can predict these spectra, and the data-
gfg'sosnéé"c"t‘i)(;ﬁh%ﬁ;jﬁ’?{gﬂ%‘irﬁ?uerfrz'c'e“t' two-photon absorption 556 of nonlinear spectra is sparse. To fill this void, a method is
’ 9 ' needed to rapidly monitor nonlinear spectra. The technique and
analysis presented here is one such example.
I. INTRODUCTION The method of interest to us is femtosecond pump-probe
spectroscopy where a broadband, weak, white-light continuum

rials with large nonlinearities for a variety of applicationéWLC) [71-10] pulse is used to probe a medium that is sub-

[1]. Of specific interest to this paper is two-photon absorptidﬁCthed, to an ir;';]ense péjmp pulste. 'II;IhLeAresuIt to f thisTphqmp/p:ﬁbg
(2PA), with applications in the emerging technologies of, fotFC nique 1s the nondegenerate spectrum. This metho

example, optical power limiting [2], two-photon fluorescencgomd' in principle, be a single-shot technique, since the large

imaging [3], two-photon photodynamic cancer therapy [4], aHEP?Ct:al exﬁﬂt of the Iprot?teh beam ICOlljld aIIovx: forll;ull charac_:—
two-photon microfabrication [5]. erization of the sample with a single laser pulse. However, in

With the relatively recent introduction of broadly tunabl ractice, the tgmporal delay. between the.pump and probe must
laser sources, and more recently the widely tunable opti scanned since the WLC is strongly chirped so that temporal

parametric generation/amplification (OPA) sources, the field gpin
nonlinear spectroscopy has opened to researchers in many A
fields. However, in order to obtain reliable nonlinear absorptio
(NLA) measurements, the spectroscopist must pay care
attention to the source irradiance as a function of waveleng
Ap. This added requirement over linear spectroscopy ma
measurement much more difficult. The laser pulsewidth (ari‘fn

HERE IS currently significant interest in finding mate

cidence between the pump and probe (i.e., “zero delay”) for
wavelength is different than for another wavelength. This
Irp is due to the generation process itself, since the different
lors of the continuum must propagate in the generation
edium (e.g., sapphire, fused silica) where group velocity
|§persion (GVD) temporally displaces each color [7]. This
Irp results in a peak of the maximal 2PA signal that shifts
wavelength as the temporal delay between pump and WLC
probe is varied. Corrections to the data for this effect on 2PA
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The potential disadvantage of the need to scan the tempdialit of vanishing GVD). This approximation holds true for thin
delay between pump and WLC probe can be used as an samples not exceeding a few millimeters in thickness and for
vantage in distinguishing the physical mechanisms behind thelsewidths in the 100-fs range. However, the group velocity
nonlinearity. For example, “instantaneous” nonlinearities suchismatch (GVM) must be known to determine the temporal
as 2PA occur only for zero delay where the pump and probelk-off between pump antandwidth-limited probeat dif-
pulses are temporally overlapped, while longer-lived nonlinegerent wavelengths. The formula derived is used in fitting the
ities such as excited-state or carrier nonlinearities will remaPA experimental data from transient absorption spectroscopy
for some time after excitation. However, the experimentally den a semiconductor sample, ZnS, and on solutions of organic
termined raw data must be corrected for both the chirp of tlges. The agreement with previous results and with theory on
continuum described above and the temporal walk-off due ZmS confirms the validity of the solution. A preliminary report
group-velocity mismatch, which varies with probe wavelengtlof this model and results were recently presented in a more con-
We will describe this latter correction in detail in this paper. Foeise form in [16].
tunately, we have determined an analytical relationship that al-This paper is organized as follows. Section Il outlines the the-
lows for a simple correction given knowledge of the linear disretical analysis for the nondegenerate pump-probe interaction
persion of the sample and a full characterization of the chirp f a nonlinear medium, taking into account linear propagation
the WLC, i.e., the relation between wavelength and time. Tledfects. In Section Ill, we present the experimental set-up and
WLC characterization can be performed by a cross-correlatiire methods used for acquiring the transient absorption data
technique where some instantaneous nonlinear process, suabraa semiconductor sample. Section IV shows the chirp-cor-
SHG or the optical Kerr effect (which is preferable since ntected data and illustrates the effect of correcting the data for
phase-matching is required), is used to obtain the cross-comedlk-off artifacts via the equations presented in Section Il. We
lation signal [8], [13], [14]. compare the results of the nondegenerate 2PA spectrum with

Given the above WLC characterization, the temporal correifie degenerate two-photon fluorescence spectrum obtained on
tion for the chirp is not difficult to implement; however, the nonorganic molecules having a large linear dipole moment in Sec-
degenerate character of the experiment means that pump #a V. Finally, Section VI concludes the paper with future plans.
probe pulses travel through the sample at different group ve-
locities and can physically walk-off from one another in time Il. PUMP—PROBE INTERACTION IN KERR MEDIA

within the sample. Thisisimportantin our setup where the PUMPsing Maxwell's equations to derive the nonlinear wave

wavelength is set at a wavelength below half the bandgap Ofttg'(‘fuation assuming a wealandwidth-limited probeand an

material under study in order to avoid any degenerate 2PA By itation wavelength chosen such that it has no linear or

the pump itself. This walk-off causes the effective imerac“‘)&‘egenerate 2PA, we find the spatial-temporal evolution of the

length to be significantly reduced compared to the dege”erﬁtfndwidth-limited probavave field £ (defined ask(z,t) =
case (where the pump and probe pulses at the same frequelr}%yE(Z’ #)eik=—wt) | ¢ c.) centered at wavelength(angular

travel with equal group velocities within the sample), and W”I]requencyw) is given by the equation [17], [18]
reduce the magnitude of the nonlinear signal. This is a purely ' '

linear phenomenon and can be accounted for in the data anal-. ( JF X 198\ 1D82_E
ysis. We note here the work undertaken by Zi6tgkal. [15] “\a: "2 + v Ot 2 Ot
that illustrates how the real temporal response function of a (1)
pump-probe apparatus can be determined if the linear proper-

ties of the sample (dispersion of refractive index) are known. ¥here subscripp refers to the pump wave, while the symbols
this paper, we present a general model including linear and nd¥ithout a subscript stand for ttndwidth-limited probevave.
linear effects for the pump-probe interaction in Kerr media fdtgain, we are using a nearly bandwidth-limited pulse as the
a 2PA process, in particular. Furthermore, the single dynami&andwidth-limited probes opposed to the entire WLC probe.
equation we find to model this interaction allows us to detetHere,« andn are the linear absorption coefficient and refractive
mine the impact of each individual parameter on the nonlineidex for thebandwidth-limited probev is the group velocity

+ 2'Y|Ep|2E =0

signal. given by
The effects of temporal walk-off and the initial time delay 1 dE 1 dn
between pulses on the magnitude of the nonlinear signal are an- T de e <ﬂ - Aﬁ) (2

alyzed in Section Il. We find that we can treat the continuum as

made up of a superposition of nearly bandwidth-limited puls@sd) accounts for the group velocity dispersion

of different central wavelengths, which we will henceforth refer 2k 3 2n

to asbandwidth-limited probgulses to distinguish them from D=——=-"——3. (3)

the entire WLC probe. This considerably simplifies the anal- dw? - 2me? dA

ysis and is valid, provided there is minimal cross-phase modUhe nonlinear interaction between the two waves is represented
lation between adjacetiandwidth-limited probgulses in the by the complex cross-phase modulation term (last term) with the
full WLC. This will be illustrated in Section IV. An analytic pump field assumed constant along the propagation coordinate
solution for the normalized fluence transmittance can be fourdand

in the limit where the pulsewidth for any given wavelength of 3 (3

the continuum does not change within the sample (this is the 7= X (—w; —wp, wp,w). (4)
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This approximation, known as the undeleted pump approxima- relatively fast, numerical studies of the impact of any
tion, is valid due to our choice of a pump photon energy whigbarameter such as the purbpndwidth-limited probedelay
has no 2PA and negligible linear loss. We introduce dimensidiime, the ratio of pulsewidths, walk-off, or pump irradiance
less variables. For instance, the normalized tifhe- ¢/w, is on nonlinear absorption becomes extremely time consuming.
scaled with the temporal width of the pump pulsg(HW1/eM For this kind of study, an analytical solution to (5) would
of irradiance), and the normalized propagation distafice- considerably expedite the quantitative analysis of the problem.
z/ L is scaled with the total sample lengthi.e.,0 < Z < 1.To Furthermore, this type of solution is essential when attempting
further simplify our analysis, we choose the coordinate systeim fit experimental data to the theoretical model. To find a
(Z,7) that moves with the group velocity of the pump waye general analytical solution of (5) with boundary condition (10)
i.e., 7 =T — z/(pw,). As aresult, (1) takes the form is a difficult task, but the problem simplifies considerably in the
2, limit of a vanishing GVD parametey, i.e., where the fourth
<8 +aa+pa ) ua + x|ap[?a =0 (5) termin (5) can be neglected. This assumption is equivalent
97 ar ar? v to assuming that theandwidth-limited probepulse does not
(Z,7)/E,(0,7),0 = aL/2 is the normal- broadgn in time in tranfsmission thrqugh th_e “sqmple..We fou’Pd
numerically a quantitative upper limit for this “dispersionless
approximation, and it is stated later in this section. Fortunately,
} for our purposes, this is exactly the experimental case when

= w—A”g the pumpbandwidth-limited probeneasurements are typically
P

wherea(Z,7) = E
ized linear absorption, and the GVM parameter is given by

dn

A

performed in thin samples where the pulsewidths involved are
(6) ~100fs. Once again, we note that the continuum is assumed to
Dbe composed of independent, nearly bandwidth-limited pulses,
since the continuum itself considerably broadens in time. This
is explained in more detail in the experimental section.
We take as an example ZnS, which has an extremely large
™ temporal walk-off. A close look at the dispersion of the refrac-
tive index of ZnS over the probe spectrum of Quh <A\ <
which is simpIyL/(2w§)D. The corresponding dimensionless).75 ym and), = 0.75 zm, shows that the temporal walk-off

where An, is just the difference in group indices. The GV
parameter is defined as

ML dPn

b= "5 732
47r02w12) dX?|,

nonlinear coefficient can be written as parameter varies over a wide range{ p < 40), while the
. Ln o, .1 dispersion parameter remains smakl:0.31. Thus, for the ap-
x=n+d1I'= 47fxn—fp”2 + 'LLn—Ipﬁ (8) proximate analysis, we will neglect dispersion (GVD term) and
P P

rewrite (5) as
wherel is the peak irradiance (in WA of the pump wave, u 94
n} is the nondegenerate nonlinear refraction coefficientdefineg— +p— = f(N)a, with (1) = —o +ix|a,(T)]?. (11)
by n = ng + n4I (in m?/W), and 3 is the nondegenerate or
2PA coefficient, defined byll/dz = —24IL,1 (in m/W). In  Equation (11) can be easily solved by the substitution=
the framework of the undepleted pump approximation, we hakee with a subsequent transformation of variabfes= 2 —
ay(Z,7) = a,(7). If we assume Gaussian temporal profiles fofr/p),{ = 7. Then, (11) become§u/3¢) = (f()/p) and

the pump its solution isu(¢,¢) = uo(&) + (1/p) [ F(€) d¢, whereug(€)
5 is determined by the incident pulses given by (9) and (10). Re-
ay(T) = exp<_T_> © turning to the initial variables, we obtain a general solution to
2 (11) as follows:

and for thebandwidth-limited probevaves, the boundary con- ’ o x
dition for (5) can be written as a(Z,7)=h <Z - ;) exp <—;T + i; / |ap(r)[? dT) (12)
2
a(0,7) = Aexp<—— [+ g‘i] ) (10) whereh is again a function determined by the boundary condi-
2w tions. This solution is valid for any pump aténdwidth-lim-

i ited probetemporal profile. For a Gaussian pump aoahd-
whereA = /1°/I7 andW = w/w), are the ratios of thband- iyih_jimited probepulse, the solution takes the form

width-limited probeand pump amplitudes and widths, respec-

tively, andry is the initial delay time between the pump and the 1 (7474—pZ 2
bandwidth-limited probthe term is dimensionless since it is{Z: 7) = Aexp 3 <T)
the ratio of the initial time delay to the pump pulsewidth).

We now have a working form for the propagation of the
bandwidth-limited probdield in the nonlinear medium and
are able to look at temporal walk-off effects on the beam.
Equation (5) with the boundary condition (10) can be solveghereerf z = (2//7) fo exp(—y?) dy. In the limit of van-
numerically using the split-step Fourier transform methaghing walk-offp — 0 hmx_@(elff —ef(r — z))/(z) =
(see [18]). Although the split-step Fourier transform metho@ exp(—72))/(y/7).

—aZ—i—LX\/_

[erf (1) — erf(r — pZ)]) (13)
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Walk-off parameter, p ominear absorpHon, used forg are held constant for each probe wavelength. All other constants are
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Fig. 1. Probe pulse propagation in ZnS. Probe pulse profile- (0.6 ;m) at

(a) Z = 0.5 and (b)Z = 1. Solid curves: analytical formula (13). Ttriangles: . . . . .
results of numerical integration of (5). Initial probe profile (10) is shown for From this analytical formula, it is straightforward to obtain

reference by dashed lines. an expression for the transmittance of the fluedtgZ) =
[ _la(Z,7)|? dr, defined as the ratio of the output and input

As an example, prior to the analysis of the 2PA chirp-coflueénce, or the nonlinear transmittan@e= £(1)/£(0) = T,
rected data (in Section IV), we look at the effects of lined = 1 0r# = L corresponds to the output of the sample).
propagation on the nonlinear transmittance in a 0.84-mm IoH&'ng (13) and (10_)’ we obtain the final anglyncal result for
ZnS sample. Linear and nonlinear parameters for ZnS are tafigf fluénce transmittance, assuming Gaussian temporal pulse
from [19]. We calculate the material parameters at three dfiiaPes, as follows:

ferentbandwidth-limited probevavelengths (physical param- o 9
eters, prior to normalization, are given in parentheses): Qlo, 74, W,p,T) = %/ exp{_ <Lwi_p>
m ade o)

0.5 um, ¢ = 01 (a« & 12cm1),p =

13.5 (Ang = 0.35), pp = 0.1 (D = 1200 fs* /mm); INVZs
23 2 08 um o = 0 (x = 07om s = i) -t 1 0
5.1 (An, = 0.13), 0 = 0.07 (D = 860 fs* /mm);
3 A = 07um o = 005 (o = 06cmt),p = Thisformula, for the case of vanishing temporal walk-pff.-
1.2 (Ang = 0.03), 1 = 0.05 (D = 600 fs*/mm). 0, becomes the equation for degenerate 2PA
Again, An,, is the difference in group index for pump aboand- exp(—20)
width-limited probe as previously define@ihe other parame- Q(o, 74, W,I') = W

ters of the simulations from (5) and (10) are as followls= )
0.1, W = 0.85 and7; = 2. The pump pulse is assumed to be °° T+ 74 2

Gaussian with a peak irradianf® = 2.5 GW/cn?, w, = 72fs, % /_Oo eXp{_ < w ) — 2exp(—r )} dr. (19
and), = 0.75 um (he/A, = 1.65 eV). The choice of pump

wavelength satisfies the first condition stated at the beginnihg the absence of the nonlinearity, i.e., with the pump pulse
of this section, i.e., no linear or degenerate 2PA of the pumpocked, the linear transmittance of thendwidth-limited probe

For the purpose of illustrating the degree to which the linefluence can be easily calculated from (14) by settihg= 0,
propagation parameters affect the nonlinear transmittance, wigich givesZ;, = exp(—20).

use the same values of the nonlinear coefficients for back- Three different scenarios of the transmittance evolution cal-
width-limited probewavelength, even though these are knoweulated from (14) and from the numerical solution of (5) are
to vary strongly with wavelength [20]. We uge= 4.0 +¢1.09 shown in Fig. 2. All the simulations use the same numerical
(no = 7-107° cm?/GW, 3 = 5 cm/GW), which are values parameters as previously listed in this section for ZnS. Again,
calculated from the theoretical model given in [21] for a pumihe comparison shows good accuracy for the analytical results.
wavelength of 750 nm and laandwidth-limited probevave- We note that it is important that we assume aadwidth-lim-
length of 480 nm. In order to check the validity of this disperited probepulse to be a nearly bandwidth-limited portion of
sionless approximation, we compare the results of numerical the WLC. This allows us to assume that tbandwidth-lim-
tegration of (5) with predictions of the analytical formula (13)ited probechirp does not lead to significant pulse broadening
Figs. 1(a) and (b) show that the analytical results are in exceller® the probe propagates through the thickness of the sample.
agreement with the numerics in these approximations. However, in addition, we assume that the nonlinearly induced
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phase modulation does not lead to a change of the pulsewic
within the sample. This is the reason that only the imaginar
part of the nonlinear susceptibilitly, enters (14). Both of these
assumptions are important for analysis because they exclu
effects of pulse chirping (linear or nonlinear) in determining
2PA. We have found numerically that a quantitative estimat
for the applicability of the lineadispersionlesapproximation
IS i1 < per = 0.45. This works in many materials if the sample
length does not exceed several millimeters, and the pulsewic....
is in the 100-fs range. To neglect the nonlinear pulse-chirpin
effects, the peak nonlinearly induced phase shift cannot be tig,
large. However, we have found that this requirement is not ver &
restrictive numerically, and even witl2a phase shift the distor-
tion is small. The inclusion of nonlinear phase effects inevitabl'
reduces the critical value fqr, as listed above; however, this
only becomes substantial for the pump pulse. We note that ev
in the extreme case of ZnS illustrated here, the dispersionle
approximation remains valid for both linear and nonlinear prop
agation effects.

However, neglecting the real partof the nonlinear suscep-
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Fig. 3. Transmittancé) calculated from (14) as a function of: (a) delay time
Ta WithW =1,p = 5,I' = 1 (solid line); (b) probe-pump width ratid” =

tibility also implies that cross phase modulation (xpm) effects/w, with r, = 2,p = 5,T = 1; (c) walk-off parametep with 7, =
between the pump arilthndwidth-limited probare negligible. 2.W =1,T = 1;and (d) nonlinear absorptidhwith7, = 2, W =1,p = 5.

This requires qualification, considering the many studies Whi%—ﬁ

e,

have concentrated on the effects of xpm on transient absogse negligibles = 0.

tion spectroscopy [22]-[24]. For instance, Ektlhbl.[24] pro-

vide an extensive study of the effects on pump-probe measure-
ments in a nonabsorbing medium with a Kerr nonlinearity. Th%
explain why, in certain cases, unwanted xpm effects obscure
transient absorption signals. However, although we have see
evidence of these artifacts their magnitude is quite small, pro-
viding a change i@ [(14)] of less than 1%, whereas most of .
our experimental two-photon absorption signals are greater t
10%. Therefore, we subsequently ignore these artifacts. We V%I
qualify this statement in Section VI.

Since both the linear absorption and dispersion. co-
efficients are small, the essential parameter that governs }Q
bandwidth-limited probeevolution is the temporal walk-off
p. This parameter is responsible for the relative speed of t
bandwidth-limited probend pump pulse envelopes, and con-
sequently for the temporal overlap between them which,
turn, determines the strength of the nonlinear absorption. T,
closer thebandwidth-limited probeand pump wavelengths are
to each other in wavelength, the slower trendwidth-limited
probe pulse moves with respect to the pump due to normg
dispersion. At the exit face of the sample, the beams are g
arated in time from each other according to their initial delq
74 and p. However, this group velocity mismatch affects th
absorption of thévandwidth-limited probén a nonmonotonic ter
way. Pulses with relative velocities that are too fast are weake&|
absorbed, since they only overlap over a small depth within
the sample. On the other hand, for a particular initial time
delay7,, pulses that move too slowly may never overlap. The

I1l. EXPERIMENTAL SETUP

e case of vanishing temporal walk-off [(15)] is shown in (a) by the dashed
with1 = 1 andI’ = 1. For all calculations, linear absorption is assumed

In Fig. 3, we show how we can use the analytical form (14)
guantitatively study the effect of the delay time, thend-
W|ch-limited probepump width ratio, the walk-off parameter,
and the strength of the nonlinear absorption on the output trans-
f'nittance. A plot similar to the one shown in Fig. 3(a) [solid line
iven by (14)] will be used to fit experimental 2PA cross-cor-
I ration signals (nonlinear signal versus time delay for a fixed
andwidth-limited probevavelength). We discuss this proce-
dure in detail in Section IV. If (15)—which ignores the temporal
walk-off— is to be used instead, the dashed curve in Fig. 3(a)
Bbtained for the same parameté&rsandI’. Here, not only
is the magnitude of the nonlinear signal overestimated (for the
Sme nonlinearity), but the temporal shape is greatly distorted.
. The conclusion for this section on theoretical analysis is that
He 2PA coefficient of the material can be accurately measured
§ a function of the wavelength if: 1) the linear properties of the
material (dispersion relation and linear absorption) are known
oLdetermined frona priori WLC characterization experiments
d 2) the shape of the WLC probe pulse is accurately charac-

aized (i.e.pandwidth-limited prob@ulsewidth at each wave-
%ngth together with the delay time with respect to the pump
%ulse). Then, (14) can be used to fit experimental data to de-
mine the 2PA coefficient, provided that the sample is thin
ough for the dispersionless limit to hold true.

bandwidth-limited probeoulse corresponding to an interme- The development of an analytic solution to thendwidth-

diate walk-off is most strongly absorbed for a particular

limited probebeam propagation in the nonlinear medium allows

Of course, forry = 0 (i.e., the pump andbandwidth-limited us to confirm its validity with quantitative data. The model de-
probe pulses perfectly overlapped at the front of the samplegcribed above has been applied in the transient absorption mea-
the largest nonlinear loss occurs at degeneracy. We will discsssements in which the WLC (as a superposition of nearly band-

this dependence in more detail below.

width-limited pulses) serves as th@ndwidth-limited probe
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Fig. 4. Experimental setup for time-resolved spectroscopy. The spectraf%”OWS the temporal dispersion of frequencies in the continuum probe pulse.
white light continuum, signal, and reference are recorded versus the time

delay between pump and probe beams. BS: Beamsplittdrens. P: Calcite minimal chan in the transien rotion _ rer ir
GLAN polarizer. NBF: Narrow-bandwidth filter (used in narrowband measure- al changes in the transie tabso ption set-up are requ ed

ments, only). RR: Retroreflector. BD: Beam dump. SPEC: Dual-fiber inpdl-€-» r_Otation of the pump polarizer and probe ana_lyzer)._This
spectrometer. DPDA: Dual photodiode array. experiment maps the frequency content of the continuum in the

time domain and illustrated in Fig. 5. For WLC generation with

while a pulse at a wavelength of negligible linear absorption 4400 nm focused into the 1.5-mm piece of fused silica, the time
well as 2PA is used as the pump. arrival of various wavelengths in the continuum has been found

The femtosecond laser used is a Ti:sapphire-based CPA-200 0bey the following equation:
system (CLARK-MXR) which provides laser pulses at 775 nm 1\ 4 i} 1\ 2
of 120-fs duration, with an energy of 0.94 mJ/pulse at a 1-kHz Toke = 7.42 x 10* - <X> —3.92 x 10° - <X> +0.7
repetition rate. The laser pumps two optical parametric ampli- (16)
fier systems (TOPAS, Light Conversion), tunable over a broad
range in the near-infrared and/or visible. 12 of 1400 nm where A is in nanometers and,. in picoseconds. We per-
light is focused tightly into a 1.5-mme-thick piece of fused silicdormed the OKE measurements using a sample of hexane with
for generation of the probe WLC pulse. The experimental set-appathlength of 1 mm. The pump wavelength is, just as in the
is shown for reference in Fig. 4 and a detailed description cmansient absorption experiments, =750 nm. From this mea-
be found in [25]. We note that the pump apandwidth-limited surement, we can estimate the rate of chirp of the continuum to
probepulses are set at parallel polarizations. be about 3.5 fs/nm. From OKE cross-correlation traces (signal

We performed experiments in two arrangements. First, thersus time at any fixed), the pulse duration within each spec-
transmitted spectrum of the WLC (or the probe pulse, whidhal interval (~5 nm) of the continuum pulse can also be in-
spatially overlaps the pump pulse within the sample) is referred given the duration of the pump pulse at 750 nm. The
istered as a function of time delay between pump badd- deconvolution assumes Gaussian-shaped pulses for both pump
width-limited probepulses. A second probe pulse (referencandbandwidth-limited probgand thus for the cross-correlation
pulse) is sent through an unexcited portion of the sample d¢mnal as well. The continuum is described as made up of a group
monitor the linear transmittance. A dual-fiber input spectronof nearly bandwidth-limited pulses centered at various wave-
eter is used for this purpose (SpectraPro 150, Acton Researtdngths whose duration can be calculated from a simple relation
which itself is coupled to a dual diode array (Princeton Instraz, = 72,_ + 77/2, where the subscripts cc and wic refer to
ments Silicon DPDA 2048 for visible 300-1100 nm or Sensotke cross-correlation signal and narrow bandwidth continuum
Unlimited InGaAs DPDA 512 for infrared 800-1700 nm). Irpulse, respectively. The probe pulse duration is needed for the
what follows, we refer to this setup as the spectral measurealk-off analysis given in Section Il. The pulsewidth turns out
ment. In the second arrangement, narrow-band filtedX(nm), to be constant over the entire visible range used in these exper-
centered at various wavelengths throughout the spectral ramgents and is 100 f&- 10 fs (FWHM), which is equal to the
of interest, are inserted in the continuum path and the protieration of the pump at 1400 nm used for continuum genera-
transmission is recorded versus time delay using photodiodgsn. One more crucial advantage of the OKE method is that,
This method gives a better signal-to-noise ratio than the spseamilar to white-light interferometry, one can measure the GVD
tral method(S/N ~ 200), but takes much more time to acquireof an unknown sample inserted in the WLC path. From OKE
than the spectral data. This arrangement provides the narrameasurements, with and without the sample in the probe path,
band measurements discussed below. the difference in arrival time for a fixed-frequency component

As previously mentioned, in order to correct the NLA spemf the continuum gives the group index of the material. This is
tral data, the WLC must be fully characterized. This can be atgeeded for materials whose dispersion is not yetin any database.
complished using optical Kerr effect (OKE) measurements pdResults of GVD measurements in ZnS and organic samples are
formed in, for example, fused silica (details of these preliminagresented in Section IV.
experiments can be found in [13], [14], [25]). The OKE tech- The time delay of th&andwidth-limited prob@ulse with re-
nique provides a distinct advantage over other methods, ssgect to the pump is varied in small increment20 fs) to ac-
as frequency-resolved optical gating (FROG) [26], since onturately sample the fast nonlinear process of 2PA. The recorded
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149 The OKE experiments are easily performed in our transient
* absorption setup with minimal changes and offer reasonable
3.2 f* values for the group index of organic dyes in solution, where
Sellmeier’s equation is not available. Additionally, the theoret-
R 148 ical fittings for the temporal dependence of the 2PA signals
B given below verify the utility of this method. Once again, we
“‘ - used the OKE method to determine the temporal walk-eff
s, Tooene as a function of wavelength, such that when fitting our 2PA
147 cross-correlation signals, we only require one fitting parameter,
the nonlinearity(T") [see (14)]. However, we make note here
thatp can be used as a second fitting parameter in the analysis of
2PA, along with the nonlinearity. When botty andI” are used
26 146 as simultaneous fitting parameters, a comparison of the values
of walkoff obtained from the fitting with those obtained from
the OKE analysis reveals relative errors between the methods of
Wavelength (nm) less than 20%. This implies that an additional method (outside
Fig. 6. Group index measurements using OKE in Hexane for ZnS= the transi_ent absorption experiment itself) may not be necessary
0.84 mm (open circles) and fluorene derivatiie,= 1 mm (open triangles). 10 determine the temporal walk-off as a function of wavelength.
Sellmeier’s equation for ZnS (18) is shown for reference (solid line). However, for small cross-correlation signals, OKE data provide
a very good starting point for the fitting procedure.
spectra versus time delay along with the continuum chirp infor- We can now start the detailed analysis (as described in Sec-
mation are then used in reconstruction of the nonlinear absotien Il) of the nondegenerate 2PA raw data obtained for the semi-
tion spectrum. At this point, the resultant spectrum must be caenductor sample, ZnS. This material has been well character-
rected for the linear effects of punfandwidth-limited probe ized in the past and data on the 2PA coefficients can be found in
propagation within the sample (e.g., temporal walk-off). Thihe literature [27]. A theoretical model has also been developed
reconstructed nonlinear absorption spectrum after chirp correerd its predictions agree well with past experimental data, for
tion is the subject of the analysis presented in Section . both semiconductors and dielectrics [21], [27], [28].

We use (14) to fit the cross-correlation signals from the We can now calculate the walk-qffand dispersion parameter
transient absorption measurements (i.e., normalibadd-  that enter in the calculations of 2PA for this sample [defined
width-limited probetransmittance versus time delay) at varioui (6) and (7)]. We use a pump pulse at 750 nm and pulsewidth
bandwidth-limited probevavelengths (every 10 nm) within ther,, = 120 fs (FWHM). The length of the ZnS sample Is =
WLC spectrum where the 2PA signal is present. This yields thes4 mm. The dispersion parameter is below the critical value
corrected values of the nondegenerate 2PA coefficients at ea€h-0.45 found in Section Il and will be ignored from now on

30

Group index
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bandwidth-limited probevavelength. (1 < 0.31 over the visible range). The linear absorption of the
sample is also smafly < 0.12). With a pump wavelength of
IV. RESULTS 750 nm and a bandgap &f, =3.54 eV, the visible photons in

gﬁa continuum probe that are absorbed simultaneously with the

Prior to transient absorption experiments, we have perform h hould have< 660 Wi ¢ hat th
the OKE experiments described in the previous section to obt%ﬂmp photons should haves nm. We can foresee that the

the GVD in our samples. Our ZnS sample, provided by Eag rge values for the walk-off parameter in the short wavelength

Picher, has a polytype structure in which alternating layers @fnged VZVI':I)I An(;ake a subls,tanélal Slﬁerﬁpce when thg chirp-cor-
random hexagonal and cubic phases make the sample ap ata Is analyzed taking this parameter into account

isotropic. With the ZnS sample inserted in the WLC path, 14)] as opp.osed to whenitis not [(_15)]' ) .
obtain a second OKE trace, similar to the one in Fig. 5. The The experiments performed on this sample include transient

temporal chirp of the WLC probe in this new configuration i&Psorption measurements using the WLC probe in both sce-
given by narios described above, spectral and narrowband measurements.

N N Typical raw WLC spectra recorded at consecutive time delays
, . 5 5 are displayed in Fig. 7 in a similar fashion to the spectrogram
Toke = .95 X107 <X> 8880 <X> 32 of a femtosecond pulse, which is obtained in a FROG setup
(17) [26]. The contour of the nonlinear signal versaizdwidth-lim-
] ) o ited probewavelength resembles the chirp of the continuum

The difference in the arrival times at each wavelength, from (184am, shorter wavelengths arriving at the sample much later
and (17), is simply related to the group index through = 4 the longer wavelengths according to the chirp rate. The en-
¢ - (Toke — Tiye)/(L). The results are presented in Fig. 6. FQig|gne of consecutive spectra (maximum change in transmis-
ZnS, we also compare the measured group index (open Circlgg), yersushandwidth-limited probevavelength) will be the
to the one calculated from Sellmeier’s equation, which is foungyirn_corrected nonlinear absorption spectrum of the sample.
in [19] and is valid in the 0.36-1.Am region As mentioned above, our experiment monitors not only the non-

) A2 ] linear transmittance, but also the linear transmittance as well,

n(A)” = 44175 + 1.7396 15— o s Ainpm. (18)  sing a reference beam (see Fig. 4). Therefore thais in
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TABLE |
MATERIAL (p) AND NONLINEARITY (I') FITTING PARAMETERS FOR
NARROWBAND EXPERIMENTS INZNS CGENTERED AT WAVELENGTH A
L]

Bo A, nm 430 480 500 532 570 580 600 620
i p 27.0 16.4 13.5 9.9 6.9 6.2 51 4.1
a2 T 4.3 4.5 3.6 1.92 0.85 0.56 0.18 0.08

400

o 'Wisnklaagl® (nm| 224

Fig. 7. Continuum probe spectrum (raw data) versus pump-probe delay time
as obtained from the spectral measurement of nonlinear absorption for ZnS.
Here,Q’ = Q/T, or the nonlinear transmittancg[(14)] divided by the linear
transmittancel ;..
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Fig. 8. Differential change in normalized transmittari¢¢ = @Q/7:) of Time delay, in w_ units
»

the WLC pulse versus probe wavelength for ZnS. The solid line is the chirp-
corrected envelope of WLC spectra versus time delay (spectral measurement).
The solid circles represent the magnitude of the nonlinear transmittanceFig. 9. Normalizedbandwidth-limited probefluence transmittanc€)’ =
selected narrowband wavelengths (narrowband measurement). Q/Tr at A =480, 532, and00 nm for ZnS. The solid curves are obtained
from fitting the experimental data with (14) and the parameters given in Table I.
Fig. 7 containgy’ = Q /Ty, [(14)], which is simply the non-
linear transmittance normalized by the linear transmittance. Tharameter [for Zn$ is calculated from (6) and (18)] is the non-
actual axis isl — (' to make the absorption positive and easidinearity I" that relates to the 2PA coefficient through (8). The
to read. The results obtained for ZnS are presented in Fig. 8 fararrow-bandwidth results are detailed in Table |. The best-fit-
pump irradiance (inside the sample)lgf= 7.3+ 1.5 GW/cn?  ting parametel is listed in the table along with the walk-off
when the WLC spectrum is recorded. We note that the irradiangagues,p, at each wavelength.
calculations have taken into account the small linear absorptiorFor illustration of the fitting procedure, Fig. 9 shows the ex-
of the sample, as well as the Fresnel surface reflections. Furthggrimental data (narrowband measurements) and the best curve
more, the WLC beam is focused to a spot sizetimes smaller fit for three central wavelengths: 480, 532, and 600 nm. The
than that of the pump beam and therefore we assume the irraditue of()’ is plotted versus initial time delay between the pump
ance of the pump is constant over that of the probe beam. Bmd bandwidth-limited probeulses. This curve (solid line in
the narrowband measurements, we were limited to seven ceiftigr. 9) is then translated along thexis in order to fit the exper-
wavelengths. These data, for an irradiancdpft= 8.9 + 1.8 imental data, since the absolute time is irrelevant here (we work
GWi/cn? and the same experimental parameters as for the spiaca coordinate system that moves with the group velocity of the
tral measurements\( = 0.75 um, wp = 72 fs), are also pump pulse). Similar to this analysis, we also fit the cross-cor-
plotted on Fig. 8. relation signals at several different wavelengths measured with
The analytical solution (14) applies tobandwidth-limited the broadband WLC, i.e., spectral measurement (solid line in
probe i.e.,~5 nm for a bandwidth-limited pulse with,,. = Fig. 8).
105 fs in the visible region. In order to fit the experimental data All the results on the 2PA coefficiert, in cm/GW, for ZnS
from the WLC spectrum, we have to look at the cross-corrare shown for comparison in Fig. 10. The solid line (a) is the
lation signal, i.e., the nonlinear absorption versus purapd- simplest calculation [(15)], equivalent to the analytical solution
width-limited probedelay time centered at one particular wavein the degenerate case, which completely ignores the temporal
length in the continuum spectrum. We average the signal ovewalk-off between pump andandwidth-limited probepulses,
nm (~5 adjacent pixels on our dual diode array). The only fittinge., this “data” is not corrected for the effects of temporal walk-
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Fig. 10. Nondegenerate two-photon absorption coefficient of ZnSersus

bandwidth-limited probewavelength. (a) Spectral measurement, pumpFig. 11. 2PA of alkyl-fluorene derivative in tetrahydrofuran versus total
bandwidth-limited probevalk-off not included, (15). (b) Spectral measuremenphoton energy: (a) linear absorption spectrum; (b) 2PF data; and (c) white-light
with walk-off correction, (14). (c) Narrowband measurement with walk-of€ontinuum pumgandwidth-limited probe measurements with walk-off
correction, (14). (d) Theoretical model for ZnB, = 3.54 eV [21]. Parameters correction. The fitting parameters are given in Table Il. The concentration of
used for fitting:L = 0.84 mm,w, = 72 fs, W = 0.85, A, = 0.75 um. the solution is 0.0244 M, and the pathlength is 1 mm.

off. If the complete treatment [results of (14)] is applied to thguential absorption of two photons. A dependence of the degen-
spectral and narrowband experimental data (Fig. 8), we obt&ifate 2PA cross sections on pump pulsewidth has been observed
the filled circles (b) and squares (c) as data points, respectivéfy.early 2PF experiments [29]. The intrinsic 2PA parameters
Finally, the theoretical predictions fgrin ZnS [21] are shown are now measured using picosecond and femtosecond pulses,
in curve (d). The error bars are due to possible errors in ests opposed to nanosecond experiments that could lead to ex-
mating the irradiance of the pump. cited-state absorption enhanced values (as large as 40 times).
The correction provided by the temporal walk-off analysis The WLC spectrometer presented in this paper gives an
is appreciable, especially in the short-wavelength range of théernative method to obtaining NLA spectra of matter. Specif-
WLC probe where the difference between the relative group véally, the data obtained on organic materials supplements the
locities of the pump anbandwidth-limited probés largest and Present knowledge mainly derived from 2PF spectroscopy, with
the effective interaction length is reduced the most. The cdR€ nondegenerate 2PA spectrum. Two of the benefits of this
rected data not only differ in the magnitude of the 2PA Coeﬁglterpatlve mthod are that nonfl'uorescw'lg samp!es can also be
cient 3, but also dramatically alter the shape of the spectrufffudied, and given the temporal information obtained from any
We also note that we achieve good agreement with the prediémpbandwidth-limited probexperiment, it can immediately
tions of 3 from the theoretical analysis described in [18]. Fudistinguish between “instantaneous” and long-lived nonlinear
thermore, the close agreement between the spectral method HiR§ESSEs- We chose an alkyl-fluorene derivative that exhibits
the narrowband method shows that treating the WLC as a sGifellent green fluorescence to compare the 2PA and 2PF

of nearly bandwidth-limited pulses centered at different wavPECtroscopy methods. The derivative is a cyclicalonjuga-
lengths is valid. This will be detailed in the Section V. tion system with a fluorene backbone and donor-acceptor end

groups, and its structure is shown in Fig. 11. The concentration
of the solution is 0.024 M, is dissolved in tetrahydrofuran, and
the sample pathlength is 1 mm.

A different method for measuring 2PA spectra that works The fluorescence measurement is a relative one, and in
quite well for fluorescing samples is 2PF spectroscopy [2Shis case, the results for our sample are calibrated against a
Here, a strong tunable pump beam excites a material via 2R&ll-known reference standard, e.g., fluorescein (the collection
and the total integrated fluorescence is monitored as a functigeometry inside the fluorimeter apparatus is kept constant for
of input frequency and irradiance. After correcting for the irall samples) [31]. The pump wavelength for the nondegenerate
radiance changes with frequency, and with the assumption thagasurement is 1,2m. The analysis of 2PA raw data follows
the up-converted fluorescence spectrum is independent of pupnecisely the procedure outlined for ZnS. The group index
frequency (not always the case [30]), thegenerat@PA spec- measurements performed in this sample were previously shown
trum is deduced. This method is directly applicable to the bun Fig. 6 (open triangles). The experimental parameters are as
geoning field of two-photon “confocal” microscopy that carfollows: L = 1 mm,w, = 60 fs, W = 1.05,\, = 1.2 um
give 3-D images of microscopic samples [3]. A caution in norxatnd.fzf)J = 72.5 £ 15 GW/cn?. With the results for the group
linear spectroscopy is that it can often be difficult to distinindices from the OKE measurements as a starting point, the
guish nonlinear mechanisms. In particular for this discussiontemporal walk-off parametep, and the nonlinearityl”, are
the problem of differentiating excited-state absorption and 2PéAsed to fit the experimental cross-correlation signals at fixed
For example, in degenerate 2PA measurements, excited-skatedwidth-limited probevavelengths using the analytical for-
absorption can lead to upconversion fluorescence through sa#a (14). The best fitting parameters for several wavelengths

V. COMPARISON TOTWO-PHOTON FLUORESCENCH?2PF)
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TABLE I We would like to address, in some detail, a few of the asser-
MATERIAL (p) AND NONLINEARITY (I") FITTING PARAMETERS tions made in the sections above. The agreement of our data on
FOR NARROWBAND EXPERIMENTS IN ALKYL -FLUORENE . . . .
DERIVATIVE (TETRAHYDROFURAN) CENTERED AT WAVELENGTH A ZnS with theory and with previous measurements on this well-

characterized sample, verifies that we can make the “dispersion-
A,nm| 480 | 500 | 532 | 570 | 580 | 600 | 620 | 650 | 690 | 750 less” approximation as described above and, furthermore, that
p | 3532|2927 1265|2523 11918 | 15  gyrneglect of xpm effects between pump dahdwidth-lim-
r | 031020024034 039|035)038) 02| 011002 jted probeis also valid. We discuss these approximations sepa-
rately—first dispersion.
The dispersionless approximation we make is essentially the

are shown in Table I1. Fig. 11 shows both the spectrum frorf<téral self action” limit of Kaplan [33] as applied to the tem-
the 2PF method along with the WLC spectrum versus tfpral domain. In the external self action limit, which is usually
equivalent one-photon absorption energy (i.e., the sum of tﬂ@p"ed to the _spatial pee_lm p_ropagat_ion_, th? b?am Is assu_med
energies of the two absorbed photons). The linear absorpt ot change its spatial irradiance distribution in propagation
spectrum of the solution is also shown (scaled to match irough the sample either due to linear diffraction or nonlinear
amplitude). For this molecule, which possesses a permanijfaction. Here, in the time domain, the dispersionless approx-
dipole moment, both single and 2PA are allowed transitioﬂléat'on implies that the pulse temporal distribution does not
resulting in a similar shape for the linear and nonlinear specffd2n9€ With propagation through the thickness of the sample

[32]. We note the two independent measurements of 2PA yi(lggher from linear dispersion or from nonlinear phase modu-
nearly identical nonlinear spectra ation. While the full WLC clearly undergoes significant tem-

poral broadening, any nearly bandwidth-limited portion, i.e., the
bandwidth-limited probedoes not. The broadening of the en-
tire WLC pulse can be described as the individual pulses, which

We presentamethod for rapid spectral characterization of twoake up the continuum, traveling with different group veloci-
photon absorbing materials. This should allow the user to sules and therefore separating in time with propagation.
stantially increase the database development rate. Knowledge dh our experiments, the effects of xpm between the pump
nonlinear absorption spectra is crucial not only for the developnd thebandwidth-limited probevere minimal. We could de-
ment of new devices, but also to determine structure-propetérmine their magnitude in the organic samples by looking at
relationships for newly developed materials. Furthermore, sintte shape of the pumipandwidth-limited probéemporal delay
this method determinesthe nondegenerate 2PA spectra, in certaitves, as well as by performing the experiments on the neat
instances, one can infer the dispersion of the nonlinear refracts@vent. The shape of the xpm signals in these continuum exper-
index which can, in addition to 2PA, be useful in applicationgnents, as shown in [24], shows peaks when the pulses overlap
including all-optical switching and optical limiting. near the two sample surfaces (where the two pulses have op-

A theoretical treatment of the 2PA process in a nondegenertiteum overlap) along with another oscillation (or oscillations
pumpbandwidth-limited probgeometry has been given. Thedepending on sample thickness) for overlap near the middle
formalism developed takes into consideration temporal pumgkthe sample. As Ekvallet al. [24] mention, the xpm signal
bandwidth-limited probevalk-off effects. The correction pre- becomes small for temporal delays where the pulses overlap
scribed by this approach is especially significant over spectradar the middle of the sample for thick samples. Such effects
regions with large dispersion of the refractive index of the matare specifically due to the large GVM between the two pulses,
rial under study causing the pump amahdwidth-limited probe which is precisely the case in our experiments where the pump
to walk-off each other temporally within the sample, thus revavelength, chosen to be below half the bandgap energy of the
ducing the effective interaction length. Hence, the magnitudample under study, has a large GVM with respect tdoted-
of the nonlinear signal observed in the experiment is artificiallyidth-limited probepulses. The 2PA signal in this region re-
reduced due to poor overlap of the pulses which would leadnmains constant as a function of temporal delay for thick sam-
inaccurate calculations of the magnitude of the nonlinearity. ples or for pump antandwidth-limited probevith large GVM

We verified the experiment and analysis on the semico(see Fig. 9, upper curve). Thus, for temporal delays such that the
ductor ZnS. The good agreement between experimental datdses overlap near the middle of the sample, the 2PA signal re-
and theory for this well-characterized sample (where dispersiorains while the xpm signal is small. We, therefore, recommend
effects are large) gives us confidence that the theoretical modsing thick samples to increase the size of the 2PA signal, pro-
for 2PA described in Section Il can be applied successfully vided the dispersionless approximation is still valid. This con-
other samples, i.e., two-photon absorbing organic dyes that ahesion is opposite to that made in [24], where they recommend
of great interest for practical applications. As an example, wising “dye jets” to have the shortest possible interaction length.
chose an alkyl-fluorene derivative and used another nonlineae also note that the key to allowing rapid characterization
spectroscopy technique, two-photon induced fluorescence,ofdhese materials is the use of the WLC probe. The assumption
measure its 2PA spectrum. A comparison of these data wittat the WLC can be approximated as a sum of independent,
the results obtained from our rapid spectroscopy method shdwandwidth-limited prob@ulses is essential in the analysis. The
nearly identical spectra. Note that this is a comparison of thandwidth-limited probean be considered bandwidth limited if
degenerate NLA spectrum with the nondegenerate versitime dispersionless approximation is satisfied. Cross-phase mod-
While the theory for this comparison has been developed folation between separate independsartdwidth-limited probe
semiconductors, this is not the case for organic materials. pulses can be ignored since they are too weak. However, two

VI. CONCLUSION
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probe pulses can interact through separate xpm interactions witte]
the pump, i.e., the spectra of one gets shifted temporarily into thigol
spectrum of the other. The fact that data taken with a spectrally
filtered continuum (narrowband measurements) and the entingy;
WLC (spectral measurements) give the same results shows that
ﬂm%emaswnmmbemmmmaMﬂmmvadmd%mq%
the WLC as a superposition of independbatdwidth-limited
probepulses.

The good agreement of our results with past theory and ex23]
periments as well as with other spectroscopy technigues gives us
confidence that we can utilize this rapid characterization techpg)
nique to accelerate the study of structure-property relationships
in two-photon absorbing organic compounds. We are currently
pumuMgasmdydakW#MomnedaWamessmmaHomeonq%]
analyzed in this study. Furthermore, we are comparing our re-
sults with other well established degenerate spectroscopy tect#$]
niques, such as Z-scan. Finally, we are automating both the ex-
perimental procedure as well as the data analysis process to tryby,
enhance the speed at which characterization can be achieved.
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