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Figures 15a, 15b. 
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Figures 17a, 1 Tb. 
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Figures 20a, 20b. 
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ABTRACT 

A method is presented here for one-photon sub-Doppler measurement of excited

state rotational constants and coherence of large polyatomic molecules. The method, 

which relies on the concept of purely rotational coherence in molecules, utilizes (po

larized) picosecond pump-probe multiphoton ionization (MPI) mass spectrometry. 

It offers improved temporal resolution (pulse width limited) and is applicable to 

weakly of non-fluorescing molecules. The present implementation in a molecular 

beam provides measurements of the rotational constants in the excited (S 1 ) state 

of trans-stilbene and gives information on the direction of the relevant transition 

moments involed. From the coherence decay of the initially prepared state we obtain 

the dephasing time, which we discuss in relation to experiments involving vibra

tional/rotational energy redistribution. 

A.1 INTRODUCTION 

Recent publications1•2 from this group have reported on the phenomenon of 

purely rotational coherence and its application to sub-Doppler time-resolved mea

surements of excited state rotational constants in large isolated molecules. The 

technique is based on the following realization. A coherent and polarized picosecond 

pulse can form a coherent superposition of JK levels in a given vibronic manifold, 

even at finite rotational temperatures. This induced coherence or alignment in the 

ensemble of molecules decays on the picosecond time scale, but rephases again at a 

time determined by the rotational constant of the molecule in the excited vibronic 

state. These recurrences have been observed on the ( analyzed) fluorescence of a 

number of molecules. 1
-

3 Because the total fluorescence is unmodulated, analyzing 

the time-resolved fluorescence for polarization parallel and perpendicular ( to the di

rection of the initial excitation) gives identical recurrences (time period) but with 

opposite phases. 

The important features of this technique are ( a) it provides sub-Doppler spec-... 
troscopic resolution with one photon excitation; (b) the recurrences ( time periods 
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and shape) give the rotational constants (with high accuracy) and provide infor

mation on the the molecular geometry and transition moment direction; and ( c) 

it is particularly valuable when applied to large molecules, since the smaller the 

rotational constant the larger the time interval between the recurrences. This time

resolved high-resolution feature (recurrences) of the technique should be compli

mentary to measurements involving high resolution frequency-resolved spectra.4 - 6 

The time evolution of the initial coherence, on the other hand, is important to 

questions dealing with rotational-vibrational couplings, as discussed by Nathanson 

and McClelland,7 by Hochstrasser and coworkers,8 and by this group. 1 ,2 ,9 This last 

point will be discussed later. 

In the previous time-resolved fluorescence studies of stilbene, stilbene-He, 

stilbene-Ar, and fluorene, 1 - 3 the rotational constants were measured to an accuracy 

as high as one part in 700. For example, for stilbene in S1 , where2 

E/h(J',K') = ~(B' + C')J'(J' + 1) + [A' - ~(B' + C'))K'2 
· 

the measured B' +C' is 0.5132±0.0007GHz.2 For fluorene3 and fluorene-Ar, the val

ues of B' +C' are respectively 1060.2±4.3 and 878. 7±2.3MHz, 10 which is in excel

lent agreement with the high-resolution spectral results of Meerts et al.6 In these 

experiments, the temporal resolution was typically 40-70ps nd was determined by 

the response function of the time-correlated single-photon-counting apparatus. 2 

To extend the technique to more general cases (e.g., larger rotational con

stants), better time resolution is desired. Furthermore, it is advantageous to have 

the method be applicable to cases where the molecules of interest do not ( or weakly) 

fluoresce. Picosecond pump-probe MPI mass spectrometry9 ,11 in a molecular beam 

is one idea for achieving such optimum, pulse width limited, time resolution. Such 

an "absorption" method does not depend on detecting the fluorescence emission 

from the excited state, thus fulfilling the second objective. 

In this letter, we report on the observation of purely rotational coherence and 
•·· 

sub-Doppler rotational spectra of stil bene in a (skimmed) molecular beam using 
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picosecond pump-probe MPI mass spectrometry. The time resolution is improved 

to 3-5ps. The predicted recurrences (coherence) are observed, and the measured ro

tational constant( s) are in excellent agreement with previous fluorescence results. 112 

A.2 THE PICOSECOND PUMP-PROBE METHOD 

The scheme of the experimental method is similar to that employed in Refs. 9 

and 11 and is illustrated in Figure 1. A coherent, polarized (e1 ) picosecond pulse 

(duration::::::: 5ps) is used as a "pump" to coherently prepare rotational levels of the 

stilbene molecules in the S1 state. The treatment of this coherent preparation of 

states is given in ref 1 and 2. A second analyzing (e2 ) picosecond pulse, delayed 

in time, probes the initially formed coherence (alignment) by absorption from S1 

to S4, followed by ionization from S4. The probe wavelength is adjusted to ensure 

resonance with the known absorption12 (S4 +- S1 ) of the molecule in this region. 

Both the pump and probe pulses are spatially overlapped (after the skimmer) in 

the molecular beam and the ion signal is mass-selectively monitored as a function 

of the delay time between the two pulses. 

These absorption ( and resonant ionization) experiments are conceptually the 

same as the fluorescence experiments1 •2 (Figure 1; e; detection). The possible ex

ception is that the transition moment direction for the probe (S 1 +- S0 vs. s+ +

S4 +- S1) could be different, in particular not be parallel. Therefore, comparison of 

the recurrences in fluorescence and absorption will give information on the symme

try of the intermediate S4 state. The key point to be made is that both experiments 

monitor the time-evolution of the prepared state; the time interval between recur

rences gives the rotational constant(s) while the shape of the waveform provides 

information on the direction of the transition moment, the initial temperature, and 

asymmetry. 1 •2 As will be shown below, the observed recurrences in the pump-probe 

experiments are identical ( time spacing and polarization characteristics) to those 

observed in fluorescence experiments. This illustrates the feasibility of employing 
•·· 

pump-probe methods for sub-Doppler measurements of the rotational constants and 
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rotation coherence of the excited state. It appears that, in this case, the transition 

moment for fluorescence (S1 -tS0 ) and MPI (S+ +- S4 +- Si) are similarly parallel. 

A.3 EXPERIMENTAL SECTION 

The picosecond pulse generation/ amplification scheme and molecular beam 

apparatus have been fully described in other publications. 13 Therefore, only a brief 

description will follow. The output of a mode-locked Nd:YAG laser is frequency 

doubled giving a train of 532nm pulses, each of which is <80ps in duration and 

about lOnJ in energy. This beam is split and used to synchronously pump two dye 

lasers, DLl and DL2. The tuning element of DLl is a two-plate birefringent filter 

(BRF) while that in DL2 is a three-plate BRF. The two resultant pulse trains (DLl, 

4ps; DL2, 6-7ps pulse duration) are each amplified in two three-stage dye amplifiers. 

The dye amplifiers are pumped by a Q-switched Nd:YAG iaser. The independent 

dye lasers and amplifiers facilitate independent wavelength tunability. 

The output beams from the two dye amplifiers enter the arms of a scanning 

delay line interferometer. The beam corresponding to DLl passes through a fixed 

delay and a calcite polarizer and arrives at the dichroic beam combiner. The am

plified pulses of DL2 enter the variable delay line which is set up in a double-pass 

configuration to allow for longer scans ( ~2.5ns). The beam is reflected by a visi

ble reflecting/UV transmitting dichroic mirror, passes through a KDP crystal (fre

quency doubler), 7-54 visible absorbing filter, a corner-cube mounted on a stepper

motor-actuated translator and is (retro-)reflected by a normal incidence mirror. 

This last optic causes the now second harmonic beam to propagate back through 

all of the above mentioned optics and be transmitted by the dichroic mirror. The 

polarization of this UV beam can be rotated by a 1/2 wave plate and analyzed with 

a Clan-Taylor calcite polarizer. The intensity is adjusted by attenuating the beam 

with quartz neutral-density filters. The UV pump and visible probe beams are 

recombined with an appropriate dichroic beam combiner such that ther propagate 

in a collinear fashion through the molecular beam apparatus. A fused silica lens 
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(f =50cm) is used to focus both laser beams and adjust the location of the beam 

waists relative to the molecular beam axis. 

Stilbene was puchased from Pfaltz & Bauer, >97%. The sample is heated in 

the pulsed valve of the skimmed molecular beam apparatus to 124°C, mixed with 

the He carrier gas (80 psi) and is expanded through a 0.5mm diameter orifice. The 

beam is skimmed 3cm downstream, while the laser intersects the molecular beam 

approximately 12cm from the nozzle. The ions are analyzed with a time-of-flight 

(TOF) mass spectrometer. The ion current is amplified and signal averaged in a 

boxcar integrator/averager with the gate set for the parent ion mass (m/e=180). 

The lens position is adjusted to minimize the saturation due to the pump field 

alone. The pump and probe beam intensities are also adjusted to maximize the 

enhancement (by the probe) and to eliminate signals from other fragment species. 

Enhancement ratios of better than 20:1 are readily obtained for pump and probe 

per pulse energies of <1 and 250µJ, respectively. 

A.4 RESULTS AND DISCUSSION 

A.4-1 Rotational Constants and Rotational Coherence. 

Figure 2a shows the ion signal plotted as a function of time for parallel pump 

and probe e-field polarizations. The excitation populates the vibrationless level of 

the first excited singlet state (32234 cm-1 ). 14 The notable features are the sharp 

spike on the rising edge, a negative and positive recurrence. (The analysis is per

formed on the raw data since (Gaussian) smoothing would diminish the sharpness 

of the observed features and affect the interpretation.) The overall decay (Figure 

2a) of the signal may also be fitted to a single exponential of 2.4±0.4ns, which is 

in agreement with the stilbene S1 lifetime of 2. 7ns. 14 The three (sharp) features 

are clearly resolved. The system response function of the present experiments is 

significantly shorter ( :'.S 10 ps) than that of fluorescence experiments ( ~ 40-70 ps) 



349 

and allows for more precise measurements of the rotational constants and coherence 

decay parameters. 

To obtain the excited state rotational constants the time intervals of the re

currences must be determined. The interval from t=O to the negative recurrence 

and from the negative to the positive recurrence for the experimental results are 

960 ± 15 and 965 ± lOps, respectively. This spacing compares well with the value 

reported in ref. 2 and may also be obtained from a full transient simulation to be 

97 4 ± lOps. Numerical simulations2 previously applied to fluorescence studies may 

be used to determine the rotational temperature of stilbene in the molecular beam 

and the asymmetry parameter, as shown in Figure 2b. The simulation is performed 

for excitation of a parallel-type transition and emission for a parallel-type transi

tion. This is represented by (II, II)- Parallel laser e-field and fluorescence analyzer 

polarizations are denoted by ~ II e1. The e2 II e1 configuration for pump-probe 

is equivalent to ~ II e1 for pump-fluorescence detection. A 2. 7ns state lifetime is 

included in the simulation, as is a convolution of the 10.5ps ( experimental) sys

tem response function. Comparison of Figure 2b to the experimental result shows 

a strong similarity in the aforementioned initial decay and recurrence ( spacing = 

97 4 ± 2ps) behavior. 

The calculation is performed with the values for the ro-tational constants 

(A'=2.68GHz, B'=0.273GHz, C'=0.240GHz) determined in ref. 2. The rotational 

energy levels in S0 , S1 (and implicitly, for comparison with experiment, in S4 ) 

are described by the standard expression for near-symmetric top molecules. The 

molecular temperature is the other parameter to be varied. A temperature of 2K 

gives the best agreement between simulated and experimental results. 

The results of a e2 ..L e1 experiment (not shown) exhibit a single exponential 

decay ( r = 2.4±0.3ps) and recurrences. These (two) sharp features are analogous to 

the partial recurrences in the e2 II e1 case except that the phase (positive/negative) 

is opposite and the amplitude is reduced. This is understood in that for an isotropi

cally detected distribution of rotors, I54 .7o = I11 + 21.L, which gives an ~modulated 

population decay signal. 
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The decay of the anisotropy of the ensemble of rotors prepared by laser excita

tion to the S1 state is most prominently seen in a plot of the (rotational) anisotropy 

This r(t) can be constructed from measurements of I11(t) and 11-(t), individually 

convoluted with the system response function. The experimental plot of the rota

tional anisotropy for the long time scan is shown in Figure 3a. (The signal prior 

to t=O fluctuates severely and has been removed from Figure 3a for visual clarity.) 

The figure shows the case (II, II), and I11 corresponding to e2 II e1. The corresponding 

rotational anisotropy plot for the simulated results for the (II, II) case are presented 

in Figure 3b, (T=2°K). There is good agreement between the experimental and 

simulated results. For more details, the reader is referred to the full treatment of 

r(t) in ref. 1 and 2. 

A.4-2 Temporal Resolution of the Initial Decay and Recurrences. 

Changing the delay-time scan conditions to higher resolution allows for more 

detailed study of the three specific features of Figure 2a and 3a. Such focused 

scans facilitate better S/N for each of the recurrence features. Figure 4a shows 

a "magnified" view of the recurrence which occurs at approximately 2-ns. The 

phase (positive/negative) of the recurrence changes with the relative polarization 

between the pump and probe. This phenomenon has been observed in fluorescence 

experiments1 ,2 for parallel and perpendicular relative polarizations of the laser and 

the analyzer. The magnitude of the recurrence shown for the parallel configuration 

is twice as large as that for the perpendicular orientation. Part b of this figure 

also displays the r(t) plot of the results of part a. (Notice that several of the small 

oscillatory features nearest the main recurrence feature are also observed in the in

dividual parallel and perpendicular transients.) The narrow feature superimposed 

on the r(t) results of Figure 4b is the 10.5-ps, Gaussian system respon~e function. 
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A time-enhancement of the same positive recurrence obtained from simulation (in

cluding convolution of the response function) is presented in Figure 4c. The addi

tional small oscillations near the recurrence are strongly influenced by the temper

ature and rotational constant parameters. These small-amplitude features, as well 

as the decreased amplitude of the recurrence (0.19 vs. 0.4), reflect the asymmetry 

of the stilbene molecule in the S1 electronic state. The departure from a symmetric 

top molecule gives rise to incommensurate frequency components in the molecular 

rotation. Thus, the molecule may be viewed as exhibiting irregular motion, and 

the resulting temporal width can be used to obtain information on the asymmetry 

parameter. 

In previous work,2
•
9 and initial decay ( dephasing) of coherence was reported for 

stilbene in a molecular beam. Here, we povide better temporal resolution and a more 

detailed experimental analysis of this initial dephasig. The results are presented 

in Figure 5a. The system response function for this experimental r(t) decay is 

7ps, Gaussian. The experimental results, which are represented in this figure, were 

obtaied by using a slightly different dye laser arrangement than exployed in the 

other portions of this paper. 15 A simulation is presented in Figure 5b. The wings 

of the simulation response function were truncated at 1 % of the maximum value. 

The results of a numerical comparison of the width of the initial decay feature 

with the subsequent recurrence features for both experimental and simulated r(t) 

transient features are presented in Table I. For simplicity, the initial feature and 

subsequent recurrences were taken to be single and double-sided Gaussians, respec

tively. This facilitates the deconvolution with the known response function. The 

widths of the features increase proceeding to later time. For consistency in compar

ing experimental and numerical results,the same procedure of deconvolution and 

determination of the width is applied to both. Note that in the case for symmetric 

tops twice the dephasing width equals the width of the first positive recurrence. The 

additional width in the subsequent recurrences of the asymmetric top illustrates the 
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contribution of incommensurate Fourier components of the beat envelope and the 

corresponding partial spatial realignment of the transition moments. 

A.4.3 Resonant Probe State and Transition Moment Direction. 

The selectivity for the observed rotational coherence effects stems from the S4 

intermediate state. This conclusion is derived from the results of previous work9 

and from an intuitive assumption that probe excitation high into the ionization 

continuum may reduce such selectivity. Probing directly ( one UV photon) to the 

threshold of the ion may yield sufficient selectivity for both the rotational and vibra

tional coherence behavior in S1. There is reason to believe that the transition mo

ment for the ion+-S1 excitation is somewhat different from that of s+ +- S4 +- S1 . 

This is concluded on the basis of experiments involving probing via. a s+ +- S1 

transition. 17 The good agreement between the experimental and theoretical results 

presented here implies that the transition moment for s+ +- S4 +- S1 is quite well 

approximated as being parallel to the S1 +- S0 transition moment. 

Since the S4 electronic state has not been ro-vibrationally analyzed in free

jet expansions, it is not clear whether overlapping rovibrational states are being 

probed. This condition was tested by changing the probe wavelength by greater 

than ±5nm, independent of the pump. The tuning of the probe did not change the 

resultant transients. This may be a result of the essentially featureless nature of 

the absorption which may imply a quasi-continuous distribution of (vib-)rotational 

states. The data presented herein were obtained for a probe wavelength of 594nm, 

which is near the center of the S4 +- S1 absorption band.12 Of course the electronic 

transition moment is characteristic of the entire vibrational/rotational envelope. 

The pump and probe bandwidths could have an effect on the amplitude and 

width of the experimentally observed initial decay and recurrences. The finite spec

tral bandwidth of the excitation places an upper limit on the frequency components 

which contribute to the signal. Since the excitation pulse is nearly transform lim

ited, and the bandwidth is larger than that used in the fluorescence experiments, 
•·· 

more detailed features are observed, i.e. higher frequency Fourier components are 
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added. Furthermore, changing of the probe laser bandwidth, which is analogous 

to changing the slit width on the monochromator in fluorescence, will affect the 

number of oscillatory terms adding to I11(t) or l.L(t), and the amplitude of recur

rences. The bandwidth issue was investigated by using various tuning elements in 

the two dye lasers. For example, the combination of a two-plate BRF in DLl and 

a three-plate BRF in DL2 yields a probe bandwidth which is approximately equal 

to the pump laser bandwidth ( and also gives a good system response function). If 

three-plate BRF filters are used in both lasers, the amplitude of the recurrences is 

diminished. 

A.4.4 Purely Rotational Coherence and IVR Measurements. 

In the dissipative IVR regime14 one observes a quasi-biexponential decay, the 

first component of which is due to intramolecular dephasing on the picosecond time 

scale. Interprettion of such decays requires the separation of the effect of rottional 

coherence from that of vibrational coherence. 

In stilbene, a quasi biexponential decay has been observed in picosecond 

fluorescence14 and MPI9 experiments. The fluorescence experiments ( e.g., upon 

excitation of the molecule to Evib = 1249 cm-1 
), showed that, depending on de

tection polarization, the fast lifetime and the fast-to-slow intensity ratio of the de

cays take on different values. 2 The recurrences associated with rotational coherence 

were also observed. 2 In the MPI experiments, a strong polariztion dependence of 

the initial fast components was observed and interpreted as being cused by a form 

of vibrationa/rotational coupling in the isolated molecule.9 The initial dephasing2 

associated with rotational coherence issimply give by r;;1 = o: kT • [(B + C)/2] ½ 

where o: is a constant and T is the temperature. At the rotational temperature of 

interest (2K), Td ~ l 1ps.2 This contribution of purely rotational coherence to the 

overall decay is, therefore, pronounced at early time. It is reasonable to conclude 

that the transients observed in our earlier MPI experiments9 reflect both the ro

tational coherence and the possible loss of coherence due to vibrational/rotational 
•·· 

interact ions. 
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The data on purely rotation! coherence reported here agrees with the earlier 

(polarized) pump-probe photoionization experiments9 •18 on beam-cooled stilbene. 

It is also consistent with the bulb fluorescence experiments8 which showed the ex

istence of polarization-dependent transients on a similar time scale ( <lOps ). Other 

more recent measurements8 deduced a somewhat longer rotational relaxation time 

( 48ps for silbene in a bulb, but as shown later8 this number corresponds to popu

lation decay and not to rotational coherence. Clearly, IVR and purely rotational 

coherence are both important elements to be taken into consideration for interpre

tation of the dynamics19 of excited polyatomic molecules. 

A.5 CONCLUSIONS 

The reported experimental observation of purely rotational coherence by use of 

(polarized picosecond pump-probe MPI mass spectrometry shows that it is possible 

to make one-photon sub-Doppler measurements of the rotational constants of large 

molecules in their excited states. For molecular beam of trans-stilbene, we have de

termined the rotational recurrences to be 963 ± lOps, and the rotational constants 

in the first excited state to be A'=2.68GHz, B'=0.273GHz, and C'=0.240GHz.20 

The recurrences give B' + C' directly, and the individual rotational constants are de

termined from simulation of the observed waveform of the transients, as prescribed 

by Baskin et al. 2
•
3 

Dephasing times have also been measured and related to the rotational coher

ence of the excited levels. The relationship of this coherence decay to the rotational 

temperature and the direction of transition moments are discussed. The relevance 

of rotational anisotroy ot IVR measurements is also addressed. 

The sensitivity of the pump-probe method is discussed in relation to fluores

cence detection methods. 1•2 The improved time resolution of pump-probe method 

(limited only by the pulse width of the laser) should now make the technique more 

general and applicable to sub-Doppler measurements of non-fluorescing molecules. 
•·· 

Future directions are to include (i) the use of threshold probing to the ionization 
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oevel for zero Stark fields, which may yield sensitivity analogous to that of reso

nance fluorescence detection; (ii) use of the same techniques for the detection of 

vibrational coherence, as done in the fluorescence methods; 19 (iii) use of the high 

temporal resolution to fully resolve the initial decay of the coherence ( dephasing), 

especially at high internal molecular energies. This will provide the information 

necessary to seperate the effect of vibrational/rotational coupling on intramolec

ular dephasing from the contribution due to purely rotational coherence, a point 

which must now be taken into consideration in analyzing the dephasing of isolated 

molecules. 2 ,7 - 9 
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TABLE I. 

Values for the Widths of the Dephasing and 
Recurrence Features(Picoseconds) 

Type of Result Near t=O Negative Recurrence Positive Recurrence 

experimental 19 50, gaussian 70 

simuln ( asym) 17a 54 77 

simuln ( sym top) 17a 34 34 

response f unc 7 10.5 10.5 

a Determined by considering only the decay for a 8-function response, and is not 

the actual width displayed in the figure. 
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FIGURE CAPTIONS 

1. Schematic of the picosecond pump-probe MPI rotational coherence experiment. 
The pump pulse creates a superposition of rotational states in S1 . The probe 
pulse, in analogy with fluorescence detection ( dashed lines), promotes the sys
tem from S1 to S4 (or Sn)· The same probe pulse continues the excitation into 
the ionization continuum. 

2. (a) Experimental time-resolved curve for parallel polarization. Several features 
of this decay curve ( T = 2.4 ± 0.4ns) are notable. The spike at time=0 is far 
above the level of the remainder of the curve. Subsequent negative and posi
tive sense recurrences appear at time intervals of 960±15 and 965±10ps. The 
system response function is a 10.5-ps Gaussian. (b) Numerical simulation of 
purely rotational coherence for parallel pump and detection (probe) polariza
tions. The simulated curve is obtained for rotational constants A=2.68GHz, 
B=0.273GHz, C=0.240GHz, temperature 2.0K; response of 10.5-ps includes a 
2.7-ns decay. Similar features as in Figure 2 (initial spike, negative and positive 
recurrences) are also seen. The interval spacing is 97 4-ps. In the top figure the 
zero of time is determined from the response function. 

3. ( a) Anisotropy ( r(t)) of rotational coherence. This figure shows the initial 
decay of this anisotropy and the negative and positive recurrences. The system 
response is 10.5-ps. (b) Shows the r(t) obtained from a numerical simulation 
using the previously listed parameters. The "width" of the features are listed 
in Table I. The data are normalized to the 0.4 value at the peak. 

4. Exapnded view of the rotational recurrence features. (a) Shows the experi
mental data for parallel and perpendicular relative polarizations for the posi
tive ( ~2-ns) recurrence feature. (b) Shows the experimental r(t) for the same 
recurrence and includes the experimental response function on the same time 
scale. ( c) Shows the simulation for the recurrence. The general shape of the 
simulated result is very similar to the experimental, even to the extent that 
some of the smaller oscillatory features near the main peak are present in both. 

5. Decay of the anisotropy. A 7-ps system response is used in both parts. The 
experimental r(t) decay is obtained by determining the earliest data channel for 
which there exists an event. The numerical simulation shows the same behavior 
for the sharply decaying portion of the feature but an initial "lag" is present. 
The r(t) value has a value of 0.4 as soon as the signal ( of the parallel and 
perpendicular components) is above zero, but this depends on the truncation 
of the wings of the Gaussian response function. The discrepancy lies in that 
the experimental signal to noise ratio at these early channels is low. As an 
approximation of this effect, the response used in the simulation was truncated 
at 1 % of the peak amplitude. A truncation at 10% would correspond more 
closely to the experimental result. 
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Figure 1. 

Purely Rotational Coherence 
Ionization Probe vs Fluorescence Probe 
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Figures 2a,b. 

Rotational Coherence via Picosecond MPI (Parallel Polarization) 
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Figures 3a,b. 

Rotational Anisotropy, 2.0 K, 10.Sps Response 
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Figures 4a,b,c. 

Polarization Dependence of Recurrence 
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Figures 5a,b. 

Anisotropy Decay, 2.0 K, 7ps Response 
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Epilogue 

"First, my fear; then my curtsy; last my speech. 

My fear, is your displeasure, 

my curtsy, my duty 

and my speech, to beg your pardon." 

Shakespear 

(from epilogue to the second part of 

Henry IV) 




