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Abstract. The effects of the pump-polarization in a degenerate pump/probe experiment are analyzed.
It is shown that modulating the pump polarization from linear to circular induces a modulation in the
probe absorption change that allows to separate various contributions that are mixed in the signal. An
experimental demonstration is carried out in a laser dye (Coumarin 500).

PACS. 42.50.Md Optical transient phenomena: quantum beats, photon echo, free-induction decay,
dephasings and revivals, optical nutation, and self-induced transparency — 42.81.Gs Birefringence,

polarization

1 Introduction

Pump-probe experiments have been used for more than
two decades to study the dynamics of many materials [1].
In these experiments, a first intense laser pulse is absorbed
by the sample, leading to an excitation of its constituents.
This excitation is then probed by a second, weak pulse,
delayed with respect to the pump. This technique is very
powerful and has been used in many time regimes (mi-
crosecond to femtosecond) and with a lot of various solid
and liquid materials. The simplest form of the experiment
is a one-laser (degenerate) technique, where a unique laser
pulse is splitted into two parts, one for the excitation beam
and the other for the probe one. Despite its simplicity,
measurement of the transmission of the probe versus the
delay between the two beams allows to determine signifi-
cant lifetimes in the materials [2,3]. This technique has
been considerably improved by using femtosecond tun-
able lasers that allow to have different wavelengths for
the pump and the probe beams, giving rise to many so-
phisticated experiments, such as ultrafast photochemistry
or wavepacket motion studies [4].

In the degenerate technique, a complication arises
when the delay between the pump and the probe beams is
close to zero, i.e. when the two beams overlap temporally
in the sample. In that case, on top of the expected change
of transmission following the excitation of the molecules,
there is another signal coming from the coherent coupling
between both beams (coherent artifact). This subtle ef-
fect has been studied in the 80’s for pump-probe experi-
ments [5—7] as well as optical Kerr shutter [8] and optical
phase conjugation [6,9]. More sophisticated exploitation
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of the coherent coupling, based on a phase-sensitive inter-
ferometric detection have been proposed [10] and utilized
to measure nonlinear susceptibilities and time response
with a femtosecond resolution. All these experiments have
been performed with linearly polarized beams. In this pa-
per, we present a further development of this technique
as well as of the study of the coherent coupling by exam-
ining the effect of circularly-polarized light. In particular,
we show theoretically and experimentally that utilizing a
polarization-modulated pump gives rise to new interest-
ing features that can bring information on the coherence
of the light beams as well as on the relevant relaxation
times of the sample.

In a theoretical section (Sect. 2), we first derive the
change of transmission, including the coherent artifact, for
various polarizations of the pump and the probe beams
and analyze the consequence of the pump polarization
modulation. Then we present an experimental evidence
of this effect in Section 3 on a laser dye (Coumarin 500).
In Section 4, we discuss our experimental results and show
that with our measurements we can separate two different
phenomena taking place in the excited molecules (bleach-
ing and induced absorption), a non-expected feature for
this kind of measurement.

2 Theory

Calculation of the change of transmission of a weak probe
beam due to a strong pump pulse has been studied a lot
in the 80’s, when the experimental techniques have been
developed [11]. It has been known since then that, when
one uses a unique wavelength for the two beams, one must
be careful when calculating this change and take properly
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into account the coherent coupling between the beams
(coherent artifact) [5—7]. In this section, we want to ex-
tend these calculations to the case of various polarization
combinations, and in particular to the case of circularly-
polarized beams.

In a pump-probe experiment, an excitation beam F.(t)
is sent on the sample together with a delayed probe beam
E,(t — 7), where 7 is the variable delay between the two
beams. There is usually a small angle between these two
beams, but taking this angle into account doesn’t change
qualitatively the following discussion and makes the ex-
pressions more complicated. We will therefore neglect it
and suppose that the beams are plane waves which prop-
agate along the z direction and are polarized in the z—y
plane.

Following references [5-7], we introduce a response
function A(t). The change in the transmitted energy of
the probe is made up of two terms:

AEp(1) o< y(7) + B(7) (1)
where
+oo  +oo
(1) = / dt / dt'E; (t —7)Ey, (t — )

X Eek (t/)Eel (t/)Aijkl(t - t,)

is the noncoherent contribution and

o0 +oo
B(r) = / dt / dt' Ey (t — 7)Ee, (t)

x B, () Ep, (t' — 1) Aijra (t — ') (3)
is the coherent artifact. In these formula, 4, j, k, [ stand
for the three space coordinates x, y, z and a summation
over them is supposed. The difference between v and 3 is
clear: in 7, the probe beam is calculated only at ¢ — 7 and
the pump one only at t/, so that there is no need to have
overlap of the beams (¢t — ¢’ may be longer than the pulse
duration), and «y only involves the intensities of the beams.
On the opposite, in G, the probe (pump) beam is calcu-
lated at ¢ — 7 and ¢ — 7 (¢t and ¢') and will vanish as soon
as the two beams no longer overlap. 8 involves the electric
field amplitude and is phase-dependent and, as a conse-
quence, will be non zero only if ¢ — ¢’ is shorter than the
coherence length of the pulses. Note that when the pulses
are not transform-limited, another coherent coupling due
to a phase grating can contribute [12], but it will prove to
be irrelevant in our case.

Before discussing the origin and the symmetry of the
response function, we want to derive the expression of ~y
and @ for the various polarization combinations. Let us
write the electric fields as

E. = E(t)e!**~+Yg, for the excitation beam and
E, = cE(t)e(F*=«Yg, for the probe where E(t) is the
complex amplitude, k and w the wavevector and the angu-
lar frequency of the light and €. , the polarization vectors
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and where ¢ < 1 is the ratio between the probe and pump
amplitudes. Then we can express v and [ as:

+oo +oo
7)252/dt/dt’|E(t—T)|2

X |E()]* Fy(t — 1)

o0 400
ﬁ(T):e2/dt/dt’

X E*(t—T)EQX)E*(t'")E({t' —1)Fg(t —t'). (5)

It is possible to express F’, and Fj as a combination of the
independent components of the response function relevant
for an isotropic medium: A,uyy, Azyyz, Azyey- The parallel
component A, is connected to these components by
wawx = A:E:Byy + Awyyw + Amymy [13]

For a linearly-polarized light, the polarization vectors
are T (noted ||) or ¥ (L) whereas for a circularly-polarized
light, they are (1/v/2)(z +i%)(C+), C+ (resp. C—) corre-
sponding to a left (resp. right)-handed polarization. It is
possible to calculate F, and Fj for the different polariza-
tion combinations. The results are summarized in Table 1.

Let us now discuss the origin and symmetry of the re-
sponse function. After absorption of light from the excita-
tion beam by a molecule, the molecule reaches an excited
state (usually a combination of electronic and vibrational
excited states) and consequently, the absorption decreases
(bleaching). As long as the configuration of the electronic
levels involved in the optical transitions is fixed, this pro-
cess can be seen as a x® process, and the symmetry of this
nonlinear susceptibility tensor applies to the symmetry of
the function response. In a liquid, one has to average over
the molecular orientations to get the resultant isotropic
tensor and we have:

x3) (3) (3) (3)

acacyy Xacyyac = X:nyxy 3 TrTT

(6)

(z, y, z can be interchanged).

On the other hand, if there is a change of the level
configuration subsequent to the the optical excitation, this
x® picture does not apply any more. In that case, there
is no direct relationship between the first transition (ex-
citation stage) and the second one (probing stage). The
process can therefore be seen as a cascade of two y(!) ef-
fects, and the symmetry of the response function is given
by that of the xx () tensor. For a liquid with isotropic
averaging, we have

1
X'Sj) - Xl’x) 61]

(7)
and consequently
NCNCIMON Y

XSxGy = x )x(l) =0. 8)

As a general expression, we can write the response func-
tion, following reference [6]
Aijki 9)

— BWD
- BXZ] Xkl + Cijkl’
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Table 1. Expressions of F, and Fj3 in the general case and for a liquid. The pump and the probe polarizations can be indifferently

polarization 1 or 2 (p = Azzyy/Aszza)-

Polarizations General case Liquid

1 2 F, Fs E, Fs

I [ Aczas Avans 1 1

I 1 Azayy Azyya p (1-p)/2
I, L C4,C- 2 (Avazz + Avayy) 2 (Avoos + Azyya) (1+p)/2 (3-p)/4
Oy C+ %(A”” + Azayy + Avyyz — Awyay) %(AMM + Azayy + Acyye — Aayay) (1+p)/2 (1+p)/2
Cy C- 2 (Aszaz + Avoyy — Avyya + Acyay)  3(Avsee — Avayy + Aayye + Aayzy) (L+p)/2  1—p

B taking into account the loss of memory of the initial con-
figuration of the molecules. There may be many physical
origins to this loss. The most obvious one is the orienta-
tional relaxation of the molecules [6]. The absorption of
light will depend on the orientation of the molecules with
respect to the direction of the electric field, and a change
of orientation will affect the subsequent absorption. For
times long compared to the orientational relaxation time,
only the B term will be important. This process is however
not relevant in our experiments, because it takes hundreds
of picoseconds for large dye molecules to reorient in com-
mon solvents [14]. On our sub-ps timescale, the reorienta-
tion of molecules is therefore completely negligible. Other
mechanisms can come into play. For example, if subse-
quently to an optical absorption, the shape of the molecule
or the arrangement of the solvent molecules change, this
can translate into a partial loss of the initial configuration.
These changes can occur very rapidly, and one can there-
fore get a stationary response function with non zero B
and C. Measurement of the ratio B/C gives an estimation
of the memory of the initial configuration in the excited
molecule.
Inserting equations (6, 8) in equation (9), we get

1
wayy = BX:(EI:E)X;IX) + §CX:(E?:E)IBIB (10b)
1
Ayyz = Avyzy = gcxggm. (10c)

Note that the equality Azyye = Azyzy is not the usual
equality expected for a x(® tensor. With our definition,
the relevant y® in the frequency space is X(3)(w, —w,w)
and the equality that comes from the general permutation
rules is ch?;)yw = Xé?;)yy This remark allows to understand
better the calculation of reference [5] where a confusion is
made between x(®) and A.

Following reference [5], we can introduce the “depolar-
ization factor”

p=—"=" 11

The value of p is comprised between 1/3 when B = 0 and
1 when C' = 0. It is therefore another way to measure the
loss of memory of the system. This parameter is connected

to the ratio B/C' by:

B o1
CX;?;c)xac 1- P

(12)

With this parameter, we also have

Axyxy_l—p.

Aacacacac 2

chacac

(13)

Using p, we can rewrite the expression of F, and Fjp for
a liquid in relative units (see last columns in Tab. 1), and
analyze the effect of a modulation of the polarization of
the pump on the change of transmission of the probe. A re-
markable point is that if the probe is circularly-polarized,
the non-coherent part of the signal (F,) is constant,
whereas it is not the case for the coherent artifact (Fg). In
Figure 1, we have schematically drawn the results when
the polarization of the pump is modulated in time: the
abscissa represents the polarization of the pump and the
ordinate is F’, (incoherent signal) and F.,+Fj, (total signal
at zero delay). Figure la is for a linearly-polarized probe
and Figure 1b for a circularly-polarized one (C+). If the
probe is linearly-polarized, both contributions have the
same behaviour and the signal exhibits a modulation at
twice the frequency of the pump polarization modulation.
On the other hand, if the probe is circularly-polarized,
there is no modulation for the non-coherent part but the
coherent artifact is modulated at the same frequency. This
is a way to single out the coherent artifact and to measure
the coherence of the laser pulses. We can extract more in-
formation from this modulated coherent artifact: looking
at Table 1, one can see that the peak-to-peak modulation
is connected to Agzyy — Azyzy = BX;QX%) (see Egs. (10)).
That means that this signal is directly a measure of the
loss of the initial configuration of the molecules. On the
other hand, if one looks at the non-coherent part of the
2 f-modulated signal for a linear probe (Fig. 1a), one gets

a signal equal to Azzae — Azayy = —(2/3)C’ngx)m. In that
case, the B term does not contribute and only the X;(f;)m

part of the signal is observed. Following the temporal evo-
lution of this signal is a way to single out this contribution.
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Fig. 1. Schematic of the non-coherent (F,) and total (Fg+Fy)
signal measured when the pump polarization is modulated for
two probe polarizations: (a) ||, (b) C.

3 Experiment

To verify experimentally the results of the preceding sec-
tion, we set-up a classical pump-probe experiment in a
laser dye Coumarin 500. This dye has a sharp absorption
peak centered at 395 nm and a strong luminescence cen-
tered at 499 nm when diluted in Ethanol. We use a con-
centration of 2.4 x 10~ M, the optical density at 400 nm
for the sample being ~ 1.3.

The excitation laser is a frequency-doubled Ti:sapphire
laser, delivering fs pulses at 1 kHz. The frequency dou-
bling is performed in a 2.5 mm-thick BBO crystal, lead-
ing to fairly long 400 nm-pulses (around 250 fs). We use
these pulses without any compression. The pulse energy
is less than 1 pJ, which is sufficient to give measurable
effects without inducing undesirable thermal or higher-
order effects. The pulses are splitted in two parts by a
glass plate. The weakest part serves as the probe beam
and the strongest one as the pump. Initial polarization of
the beams is carefully controlled by film polarizers. The
two beams are collimated through two f = 250 mm lenses
on a circulating 3 mm-thick cell containing the laser dye,
with an external angle of 2°. By use of compensated zero-
order quartz half-and quarter-waveplates, we control the
polarization of the probe. Four configurations are used: ||,
1, C+. The pump beam is sent through a KDP Pock-
els cell on which we apply a sinusoidal voltage at a fre-
quency f = 88 Hz. The peak voltage is + 350 V, which
corresponds to the quater-wave voltage for 400 nm. The
pump polarization is therefore modulated and changes as
| = Cy+ — || — C- — || at the frequency f. We have care-
fully checked that for the maximum voltage, our setup is
equivalent to a A/4 plate to better than 4%, indicating
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Fig. 2. Transmission change vs. pump/probe delay for two
probe polarizations: || (dots) and L (squares). The pump po-
larization is fixed (]|).

that we get a good circular polarization. All the optics
(especially the focusing lenses) are also carefully aligned
S0 as to preserve the state of polarization of both beams
inside the sample. The probe beam is measured with a
photomultiplier tube (PMT), the output of which is sent
to a computer and to a lock-in amplifier. For each mea-
surements we get the direct (PMT) signal and the lock-in
signal together. These signals are then recorded versus the
delay between the pump and the probe beams.

Figure 2 shows the change of transmission of the probe
when the pump polarization is not modulated, but fixed
as ||. || and L probe polarizations are plotted. The two
curves have very similar shapes, and the ratio between
them is fairly constant (~ 2.6 + 0.1) for positive delays
between the two beams. This ratio corresponds to p =
0.39 £ 0.01. The coherent artifact is not clearly seen in
these curves, as it is indistinguishable from the rise of the
signal [5].

We want now to check the implications of our calcula-
tions, and we modulate the pump polarization. In Figure 3
are plotted the lock-in signal at f and 2f for a ||-polarized
probe and at 2f for a L-polarized one. The results are
in perfect agreement with the previous section: as only a
2 f-modulation is expected in that case (see Fig. 1a), no
signal is observed at f whereas non-zero signals are ob-
tained at 2f. We observe a change of sign between the ||
and | curves, which is consistent with the previous re-
sults. Indeed, from Table 1, one can see that the peak-
to-peak modulation in F, is 1 — (1 + p/2) = (1 — p)/2
in the || case and p — (1 4+ p/2) = —(1 — p)/2 in the L
one. The ratio between the peak-to-peak modulated sig-
nal (= (1—p)/2) and the average PMT signal (= (3+p)/4)
is measured to be 0.38 4 0.01, from which we can calculate
p=0.36 £ 0.02.

If we consider now a circularly-polarized probe beam,
we get the curves plotted in Figure 4 for the lock-in signal
at f. We only observe one sharp peak that changes signs
when the probe polarization is changed from C, to C_, in
accordance with Figure 1. This peak is clearly the coher-
ent artifact as expected from the calculation. The height
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Fig. 3. f- and 2f-modulated probe transmission change wvs.
pump/probe delay. Squares and dots: 2f-signal for a || and L
polarized probe, triangles: f-signal.

of this peak is ~ 5 £ 1% of the PMT signal, from which
we can get p = 0.38 £ 0.01. Its width (FWHM) is about
240 fs, corresponding to a deconvoluted coherence time
of the pulse equal to 170 fs. It is shorter than the pulse
duration because the latter is artificially increased during
the second-harmonic generation process due to the group-
velocity mismatch between the fundamental and the har-
monic pulses in the BBO crystal. Note however that the
coherent peak is symmetrical, ruling out the contribution
of a phase grating [12].

From the above experiments, we have been able to get
three independent measurements of p; the consistency of
these values clearly demonstrates the validity of the pre-
vious calculations.

4 Discussion

First of all, we observe that p = 0.38 is slightly differ-
ent from 1/3, which implies that there is a partial loss
of memory of the initial configuration and we calculate

Bxglx)xgm)/ng)m = 0.08. An important conclusion can
be drawn from Figure 2: one can remark that the || and L
curves are decreasing with the same time constant. This
proves that the value of p does not change on this time
scale. If p should change, the | curve should not follow
the || one but reflect the change in p. This means that the
configuration change in the excited state is very rapid, in
agreement with [3]. It is well-known that in coumarins,
the excited state is much more polar than the fundamen-
tal one with the permanent dipole increasing by several
Debyes [15] and that optical excitation is accompanied by
a charge transfer [17]. We believe that this is the origin of
the instantaneous loss of configuration that we measure.
It is important to notice that examination of Figure 2
alone would not be sufficient to ascertain that B # 0, es-
pecially for short time delays; however, the existence of
a non-zero f-modulated signal for a circularly-polarized
probe (Fig. 4) gives a definite evidence of this, since this
signal is only sensitive to B.
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modulated signal when the pump is present. The solid line is
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As already stated, we expect the 2 f-modulated signal
to reflect the x(3) behaviour of the molecules whereas the
total signal may be a combination of various contribu-
tions. A demonstration of this is given in Figure 5 where
we have plotted the PMT (Fig. 5a) and the 2 f-modulated
signal (Fig. 5b) on a longer (20 ps) timescale. We observe
that the two curves are different. The 2f-curve displays a
simple behaviour with a (non resolved) rise and an expo-
nential decay (7 = 4 ps) to a non-zero value. On the other
hand, the PMT signal is more complicated and one clearly
sees that there is a change of sign of the signal. Consider-
ing the energies involved, thermal effects can be discarded



452

1,0

0,54

0,0

-0,5 -

-1,0 4

Transmission change (arb. units)

-1,5

-10 ' -5 ' 0 5 10 ' 15 ' 20
Delay (ps)
Fig. 6. Excited-state absorption vs. pump/probe delay as de-
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(especially in a laser dye where most of the de-excitation
occurs via fluorescence), but we can propose a straight-
forward interpretation of this last result. In coumarin, the
excitation at the maximum of absorption is from the bot-
tom of the Sp-state to a vibrationally excited S;-state. Af-
ter the optical excitation, there is an internal vibrational
relaxation toward the bottom of the S;-state, responsi-
ble for the decrease of the observed bleaching. When the
molecules are in this state, they mostly get de-excited by
emission of fluorescence (and for a very small fraction, by
transition to the triplet state and subsequent phosphores-
cence). Fluorescence lifetimes are in the nanosecond range
and we don’t expect a full recovery of the absorption on
a picosecond timescale. This is indeed what we observe
in the 2f-signal, which describes only the bleaching pro-
cess. To explain the PMT signal, one must introduce some
excited state absorption S; — S,,. Such absorption has al-
ready been observed in coumarins [16]. It means that on
top of the bleaching, there is appearance of a new absorp-
tion signal, resulting in a change of sign of the PMT signal.
Subtracting the two curves after adjustment of the peaks
allows to extract from the PMT signal the excited state
absorption, plotted in Figure 6. The peak at zero delay
is due to the coherent artifact because the normalization
procedure is not the same for Fjg and F,. The signal for
positive delays describes the building-up the excited-state
absorption. We measure a rise time of 10 ps. This time is
larger than the decay time of the 2 f-curve. We think that
the reason for this is that the bleaching will decrease as
soon as the molecules leave the excited S; state where they
were promoted by the laser excitation, whereas the in-
crease of induced absorption corresponds to the molecules
reaching the bottom of the S; state. This second time is
expected to be longer than the first one.

5 Conclusion

In this paper, we have analyzed the effect of a modula-
tion of the polarization of the pump (from linear to circu-
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lar) in a degenerate pump/probe experiment. In particu-
lar, the resulting modulation of the non-coherent signal as
well as the coherent artifact have been carefully examined
and we have shown that looking at the probe absorption
change modulated at the frequency of the pump polariza-
tion modulation or at its second harmonic allows to sep-
arate various contributions that are mixed in the signal:
coherent artifact, bleaching, induced absorption. An ex-
perimental demonstration has been carried out with a
laser dye, Coumarin 500 and two relevant times (decay
time of the bleaching, rise time of the induced absorption)
have been determined. The separation between bleaching
and induced absorption clearly demonstrates the poten-
tiality of this technique. These results show that the well-
known degenerate pump-probe technique, although very
simple, is very powerful and that a straightforward exten-
sion allows to get easily very interesting results, not ex-
pected at first glance, without requiring sophisticated se-
tups. In particular, studying the coherent artifact brings
information on the loss of memory that occurs at short
times in the molecules after an optical excitation. This
technique could be used with shorter pulses to resolve ex-
perimentally such effects that are connected to molecular
rearrangements or solvent redistribution.

We thank G.M. Gale for a careful reading of the manuscript.
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