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We investigate the feasibility of gas-phase pressure measurements at kHz-rates using 

fs/ps rotational CARS.  Femtosecond pump and Stokes pulses impulsively prepare a 

rotational Raman coherence, which is then probed by a high-energy 6-ps pulse introduced at 

a time delay from the Raman preparation. Rotational CARS spectra were recorded in N2 

contained in a room-temperature gas cell for pressures from 0.1 to 3 atm and probe delays 

ranging from 10-330 ps. Using published self-broadened collisional linewidth data for N2, 

both the spectrally integrated coherence decay rate and the spectrally resolved decay were 

investigated as means for detecting pressure. Shot-averaged and single-laser-shot spectra 

were interrogated for pressure and the accuracy and precision as a function of probe delay 

and cell pressure are discussed. Single-shot measurement accuracies were within 0.1 to 6.5% 

when compared to a transducer values, while the precision was generally between 1% and 

6% of measured pressure for probe delays of 200 ps or more, and better than 2% as the 

delay approached 300 ps.  A byproduct of the pressure measurement is an independent but 

simultaneous measurement of the gas temperature. 

I. Introduction 

ASER diagnostics offer well-documented capability for probing of gas-phase media such as flames and 

compressible flow fields. A key advantage of these optical techniques is the ability to monitor multiple 

parameters simultaneously. Coherent anti-Stokes Raman scattering (CARS) is a particularly attractive spectroscopic 

tool for simultaneous monitoring of temperature and species concentrations in combustion [1-6]. CARS pressure 

measurements have also been demonstrated in compressible flow fields, but pressure monitoring has received 

comparatively less attention. The most detailed demonstration of CARS as a pressure diagnostic to date was 

conducted by Lucht and coworkers, who used dual-pump CARS [7] and high-resolution vibrational CARS [8, 9] of 

air and N2 in gas cells and underexpanded jets. The measurements showed feasibility of CARS pressure 

measurements which exploit the sensitivity of Raman linewidths to collisions, and the competing effect of 

collisional narrowing. These systems utilized nanosecond laser pulses that yield CARS spectra from an essentially 

steady-state Raman process at a maximum single-shot data rate of 10 Hz. Femtosecond laser pulses have received 

significant recent attention for gas-phase CARS diagnostics [10-17]. Impulsive preparation of a Raman coherence 

with these ultrafast broadband pulses with subsequent time-delayed probing enables direct monitoring of collisional 

processes [18-21], such that “hybrid” systems which exploit both temporal and spectral information for pressure 

monitoring are now feasible. Commercial femtosecond amplifiers routinely operate at repetition rates of 1 kHz or 

more, so that dynamics of the pressure field might also be resolved. In this work, we present a feasibility study in 

which the pressure sensitivity of transient pure-rotational CARS spectra of N2 in a room-temperature cell is 

investigated. Temporal dynamics of both the temporally resolved CARS spectra and the spectrally integrated decay 

of the CARS signal are measured and compared with theoretical predictions. CARS-measured pressures are 

compared to transducer values, and schemes for practical measurement applications are discussed.  
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 In addition to the CARS measurements mentioned 

above, a few other molecular-spectroscopic-based methods 

of non-intrusively measuring in-stream static pressure have 

been demonstrated.  However, compared to temperature, 

velocity and species concentration measurement techniques, 

there are relatively few methods of measuring pressure 

optically [22].  Planar laser-induced fluorescence has been 

used to measure image pressure fields in flows containing 

trace quantities of I2 [23]; OH [24]; NO [25] and several 

percent levels of CO2 [26].  While most of these 

fluorescence measurements provide quantitative images, 

they are mostly time-averaged, and these resonant gases are 

not generally present in sufficient quanitites in most flows 

and often cannot be seeded. Rayleigh scattering, which 

works in unseeded flows, has been used to image pressure 

[27], but measurements were also time averaged. Time 

resolved Rayleigh scattering measurements of temperature, 

velocity and density have been performed at rates up to 32 

kHz [28].  Pressure was not directly measured in these 

experiments although it could be determined with 3-4% 

precision at 1 kHz from directly measured temperature and 

density, although this approach is susceptible to errors 

caused by averaging during this measurement interval [29].  

Pressure has also been measured in supersonic flows using 

time-averaged laser-induced thermal acoustics (LITA) 

spectra, although the measurement volume is relatively 

large (15 mm long) [30]. In summary, most of these 

methods are time averaged and those that can provide single 

shot measurements are generally limited to a few percent 

precision at best.  The proposed method is a single-point 

measurement having about 1 mm spatial resolution with an 

effectively instantatneous (<1 ns) measurement time and 

can acquire data at rates at or above 1 kHz.                       

II. Principle of Hybrid CARS Pressure Measurement 

The pressure sensitivity of the pure-rotational CARS signal arises from collisional dephasing of the coherence 

that is prepared by broadband, nearly transform-limited pump and Stokes pulses. This impulsive preparation occurs 

on a time scale of ~100 fs, which is much shorter than the 10-100 ps collisional time scales of interest. The 

measured decay of the room-temperature N2 rotational coherence is shown in Figure 1a. The 100-fs pump and 

Stokes pulses arrive at time t = 0 and the transient strength of the induced Raman polarization is monitored by a 

mechanically scanned 100-fs probe beam. The coherence decay is characterized by “recurrence” peaks that arise due 

to the approximately even frequency spacing between the rotational Raman transitions [31], which are superposed 

atop a global exponential decay caused by gas-phase collisions. The coherence is temperature and pressure sensitive, 

and can be modeled in the time domain as,  

 

       2
'

2

~ exp expJ J J J J J

J

t P kT b F N N i t P t  

 

   . (1) 

 

In Eq. 1, the factor P/kT is the total number density, where P is the pressure, T is the temperature, and k is the 

Boltzmann constant. The sum in Eq. 2 is taken over all allowed rotational transitions with a change in rotational 

quantum number from initial J to final Jꞌ  = J ± 2 states;  is the anisotropy of the mean polarizability tensor; bJ and 

FJ are the Placzek-Teller [32] and Herman-Wallis factors [33], respectively; the NJ are the temperature-dependent 

Boltzmann populations; J are the Raman frequencies; and J are the collisional Raman linewidths in sec
−1

/atm 

[18].
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Figure 1. Measured and calculated decay of the 

rotational coherence in N2 at room 

temperature and a pressure of 0.82 atm 

obtained with a 100 fs probe laser, shown with 

6 ps probe pulse shapes superposed at three 

different delays (a). Calculated scaling of the 

spectrally integrated CARS signal strength at 

room temperature for a 6-ps duration probe 

beam at pressures from 0.1−3.0 atm (b). 
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The first-order impact of pressure on  is the overall exponential decay, arising from the exp(−PJ t) factor in Eq. 

1. When a ps-duration probe pulse is introduced at time delay, , the CARS frequency spectrum is given by the 

Fourier components of the product of and the probe pulse electric field amplitide,  

 

        2; expprS t E t i t dt          . (2) 

 

When the calculated spectra from Eqs. 1 and 2 are integrated over all , this expression yields pressure-dependent 

decay curves shown in Figure 1b, where the time-constant of the decay near room temperature scales roughly as p 

~ 1/P. The decay curves are normalized by an overall scaling factor so that the signal at 1 atm and a probe delay of 

10 ps is equal to unity, while preserving the relative scaling of the curves to illustrate relative signal strengths with 

pressure. The nominal scaling of the CARS signal strength as ~P
2
 observed with nanosecond CARS does not occur 

here, since the relative signal strengths depend strongly on probe delay, as well as the duration of the probe pulse.  

The second-order impact of pressure on the measured CARS spectra arises from the J dependence of the 

collisional linewidths, J. Room-temperature linewidth measurements compiled by Kliewer et al. [18] are shown in 

Figure 2, where the J are observed to monotonically decrease with J, reflecting an increase in the J-dependent 

coherence lifetime through J = (P/Po)J
−1

. For  of order J or greater, the spectra are impacted by collisions, with 

the intensity of high-J Raman lines becoming proportionally larger than for low-J transitions. The effect of pressure 

on calculated spectra at T = 294 K and  = 300 ps is shown in Figure 3, where the peak of the spectral intensity 

envelope is observed to shift toward higher energy as pressure increases. This shifting causes the spectra to appear 

as if they originate from higher temperature gases as  increases [34], but is entirely an effect of pressure. Schemes 

based on the introduction of multiple probe beams at different delays can be constructed to isolate the effects of 

temperature and pressure, thereby monitoring both quantities simultaneously on a single-shot basis. Three such 

probe-pulse envelopes are shown alongside the measured Raman coherence in Figure 1a. At small delays, ps, 

collisions have not yet significantly impacted the Raman spectra, and a temperature measurement can be made 

without regard for the impact of pressure. Introduction of a second probe at a user-optimized delay yields a second 

CARS spectrum which can be integrated to provide a measure of the pressure-dependent decay, shown in Figure 1b, 

or spectrally analyzed at fixed temperature to take advantage of the “spectral heating” effect of Figure 3. A multi-

probe fs/ps CARS instrument of this kind has recently been demonstrated by Patterson et al. [35] for single-shot 

monitoring of flame collisional linewidths. 

 

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0 5 10 15 20

L
in

e
w

d
it
h
, 


J
 (

c
m

-1
/a

tm
)

Rotational Quantum Number, J
 

Figure 2. Self-broadened linewidths for 

the N2 S-branch transitions at room 

temperature measured by Kliewer et al. 

[18]. 
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Figure 3. Computed pressure-dependence of N2 rotational 

CARS spectra at T = 294 K and a probe delay of 300 ps.  
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Figure 4. Schematic of the fs/ps rotational CARS 

instrument: aperture (A); polarizer (PZ); beam-

expanding telescope (T); half waveplate (/2). 

Computer-controlled delay lines are indicated by 

dashed boxes with a double arrow. 

 

III. fs/ps CARS Experimental Facility 

A hybrid fs/ps rotational CARS scheme is briefly summarized here, with a schematic of the CARS instrument 

shown in Figure 4. A commercial “single-box” Ti:sapphire chirped-pulse amplifier (Spectra Physics “Solstice”) 

provides a 1-kHz train of 800 nm, 90-100 fs pulses with a nominal bandwidth of 190-220 cm
−1

 (FWHM). Eighty 

percent of the 3.1 mJ pulse energy is used to generate a picosecond-duration probe beam using the “Second 

Harmonic Bandwidth Compression” (SHBC Light Conversion) approach described in [17]. The SHBC process 

utilizes the technique put forth by Raoult et al. [36] to generate picosecond, frequency-narrow pulses by sum-

frequency mixing of two broadband pump beams with 

phase-conjugate linear chirps.  Two initially 

femtosecond pump beams are formed by evenly 

splitting the 800-nm input beam. Dispersion is added to 

each pump by Martinez-type [37] grating pulse 

stretchers, whose lengths are adjusted so that the 

resulting linear temporal chirps are equal and opposite. 

Annihilation of the linear chirps occurs via sum-

frequency generation in BBO generates a 400 nm beam 

with high, 1-1.4 mJ pulse energies. SHBC probe pulse 

durations are typically ~5-6 ps, with linewidths of 3.5-

4.0 cm
−1

 (FWHM).  Probe pulse generation by SHBC 

provides ~100× greater pulse energies than earlier 

schemes for ps probe generation based on filtering of 

the spectral bandwidth [31, 38], and was originally 

implemented to generate the high signal levels needed 

to probe at flame temperatures [17]. SHBC is 

additionally critical for pressure monitoring to achieve 

sufficient CARS signal at long probe delays, where 

significant dephasing of the Raman coherence has 

occurred, significantly reducing the CARS signal by 

orders of magnitude (see Fig. 1b).  

The remaining 20% of the compressed 800-nm femtosecond pulse is sent through a time of flight delay and then 

split 50/50 to form separate pump and Stokes pulses, whose energy is regulated to ~40 J/pulse each by variable 

attenuation with a half-waveplate and polarizer combination. All three laser beams transit through independent 

computer-controlled delay lines. A planar BOXCARS scheme with a f = 500-mm beam-crossing lens is employed to 

generate the CARS signal beam, which is collimated at 2:1 magnification by a f = 1000-mm singlet lens. Isolation of 

the signal from the input laser beams is performed using dichroic mirrors for the 800-nm preparation pulses, while 

careful placement of apertures is employed to isolate the signal beam from the spectrally proximal 400-nm probe. 

The signal is dispersed onto a back-illuminated electron-multiplying CCD camera  by a 1-m grating spectrograph 

with a grating groove density of 1800 mm
−1

. A 2-pixel horizontal bin was applied during readout of the spectra to 

increase signal counts, with a final spectral dispersion of 0.98 cm
−1

/pixel. 

Rotational CARS spectra were acquired from N2 in a room-temperature (T = 294 K) gas cell at five nominal 

pressure settings between 0.1 and 3.0 atm. Probe-beam delays of 10-330 ps from the preparation pulses were used to 

investigate the pressure sensitivity of the CARS signal at different stages of the rotational coherence decay. CARS 

spectra were background subtracted and normalized to nonresonant spectra recorded in argon at zero probe delay to 

account for the finite spectral bandwidth and non-transform-limited performance of the pump and Stokes pulses. 

The processed spectra were fit using a phenomenological model based on Eqs. 1 and 2, described in greater detail in 

[16, 17], where pressure was added as an additional fitting parameter. 

 

 

IV. Results and Discussion  

4.1 Decay of the Spectrally Integrated CARS signal 

The temporal decay of the rotational CARS signal was measured by scanning the probe delay stage from 10-330 

ps at fixed gas-cell pressure and integrating the spectra on the detector for 100 laser shots at each stage position. The 

CARS spectra were then numerically integrated to construct the decay curves shown in Figure 5, where the 

measured decays are shown as solid lines and least-squares fits to a single exponential decay, s = exp(−t/, are 
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Figure 5. Measured decay of the spectrally 

integrated CARS signal for P = 0.1−3.0 atm. 
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Figure 6. Measured (symbols) and calculated (line) 

decay times of the spectrally integrated room-

temperature CARS signal strength for P = 0.1−3.0 

atm.  The line was not best fit to the measured 

data. 

 
indicated by the dashed lines. Fitted values of the decay constants, , are plotted against the gas cell transducer 

pressure in Figure 6, where the behavior of predicted by integrating the model spectra from Eqs. 1-2 is shown for 

comparison. The predicted scaling P−0.9935
 is just slightly different than the expected P

−1
 behavior. Fitting of the 

measured  yields a weaker pressure scaling of P
−0.836

, that is likely a result of the more rapid decay in the 

measurements at the two lowest pressures investigated. Increased disagreement at low pressures, where coherence 

lifetimes are longest, can likely be attributed to small amounts of walk-off in the probe beam, which becomes more 

important as the probe delay stage is scanned to a large displacement. While, in principle, this observed decay in 

signal intensity could be used to measure the gas pressure, such a measurement would be sensitive to beam 

misalignment, resulting in potentially increased random errors in experiments performed in turbulent flows or 

facilities with excess vibration.  

 

4.2 Spectrally Resolved Measurements: Shot-Averaged CARS Spectra 

Pressure sensitivity of the measured rotational CARS spectra was investigated by integrating the measured 

CARS signal for several thousand laser shots for delays of   = 11.5 100, 201, 250, 300 and 330 ps. Representative 

shot-averaged spectra and the associated best-fit model results are presented for all five N2 pressures investigated for 

  = 11.5, 201 and 300 ps in Figure 7. At   = 11.5 ps, the spectral shapes are insensitive to pressure, and the 

temperature is extracted from the CARS spectra with the pressure fixed at P = 1 atm. Measured temperatures are ~3-

5% higher than the known value of T = 294 K for the present data set. For pressures up to 1 atm, fits to modeled 

spectra indicate virtually zero collision-induced bias in the measured temperature for   = 11.5 ps. At P = 1.7 and 3.0 

atm, the pressure-dependent “spectral heating” of the type illustrated in Figure 3 results in an expected temperature 

bias of +1% and +3.1, respectively, which is consistent with the even higher levels of fitted temperature at these 

pressures. Previous fs/ps rotational CARS measurements from our lab in room-temperature air [16] at P = 0.82 atm 

revealed temperatures that were ±2% from the known temperature, so that some degree of systematic high-

temperature bias exists in the present data. Spectra at probe delays of  = 201 and 300 ps clearly illustrate the 

collision sensitivity in the measurements, with pressure-dependent changes to the spectral shape most clearly evident 

at P = 3.0 atm. Spectra at  = 201 and 300 ps were fit by fixing the temperature at the measured value for  = 11.5 ps 

and including the pressure as a variable in the fit. For P = 0.44 atm and above, fitted pressures from the spectra 

shown in Figure 7 are within 1.7 to 9.2% of the value indicated by the gas-cell pressure transducer. At P = 0.1 atm, 

the collision time scale is quite long at = 641 ps, and the pressure sensitivity at the probe delays investigated here 

is significantly reduced, with increased measurement errors of 26 and 75% observed in Figure 7. Higher 

measurement accuracy at this low pressure can likely be obtained by using a longer probe delay, though that was not 

possible with the existing setup.  

The spectral range utilized in fitting was necessarily decreased at the highest pressures and delays shown in 

Figure 7, where artifacts in the spectra at low Raman shifts are clearly seen in the spectra for P = 1−3 atm and  = 

201 and 300 ps. This intense scattering about the Rayleigh line at  = 0 was coherent in nature, and could not be 

removed from the spectra. The amplitude of this artifact appeared to increase with pressure, and did not possess the 

same temporal decay as the resonant CARS signal.  
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Figure 7. Measured room-temperature rotational fs/ps CARS spectra at a probe delays of = 11.5, 201 

and 300 ps for pressures P = 0.1−3.0 atm. The spectra were averaged for 2000 laser shots.  
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Figure 8. CARS-measured pressures (symbols) 

plotted against the gas-cell pressure transducer 

readings. 
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Figure 9. Impact of fitted temperature on CARS-

measured pressure. 

 

Table 1. Summary of CARS single-shot pressure measurements.  

Pcell 

(atm) 
(atm), (%)PP P  

 = 100 ps 

( ), (%)PP atm P 

 = 150 ps 

( ), (%)PP atm P 

 = 200 ps 

( ), (%)PP atm P 

 = 250 ps 

( ), (%)PP atm P 

 = 297−298 ps 

0.41  0.54, 2.9% 0.45, 2.4% 0.59, 4.1% 0.45, 1.9% 

1.07  1.13 , 1.7%  1.05, 1.5% 1.14, 3.1% 1.06, 0.87% 

1.41 1.54, 5.9% 1.38, 4.6% 1.44, 3.1% 1.33, 1.8% 1.43, 1.4% 

2.14 1.87, 8.3% 2.02, 6.8% 2.04, 5.9% 2.21, 1.6% 2.18, 0.65% 

3.03 2.51, 5.8% 2.87, 2.7% 2.98, 1.6% 3.19, 0.8% 3.25, 1.2% 

 

The accuracy of the pressure measurements obtained 

from fitting of 2000-shot-averaged CARS spectra is 

summarized in Figure 8, where the CARS-measured 

pressures are plotted against the gas-cell transducer 

reading for all probe delays. Two sets of results are 

shown. At the top of the Figure, pressure measurements 

obtained with the temperature fixed at the known value 

of T = 294 K in the spectral fitting are presented. 

Pressure data obtained by fitting with the temperature 

fixed at the fitted value at  = 11.5 ps are shown in the 

lower half of the Figure. In both cases, sufficient delay is required to achieve the best measurement accuracy. For  
= 200 ps and larger, CARS-measured pressures are generally within 10% of the transducer value for P = 0.44 to 3.0 

atm. The effect of the above-noted 3-5% high-temperature bias on the fitted pressure is significantly dependent on 

gas-cell pressure and probe delay, as shown in Figure 9. At P = 3 atm, the temperature effect results in a change of 

2-5% in the fitted pressures, with the error decreasing monotonically with probe delay. The temperature-induced 

bias then consistently increases as gas-cell pressure is lowered up to worst-case values of 17-27% at P = 0.44 atm. 

This level of potential bias error, particularly at low pressures, illustrates the importance of accurate CARS 

thermometry. 

 

4.3 Single-Laser-Shot Pressure Measurements 

Single-laser-shot spectra were additionally acquired at the same nominal pressures and probe delays as the shot-

averaged data discussed above. Representative single-shot spectra for P = 0.1−3.0 atm for a fixed probe delay of  = 

200 ps are shown along with best-fit model spectra in Figure 10. In this case, the pressure was fit by fixing the 

temperature at the known value of T = 294 K. At this probe delay, single-shot signal-to-noise is quite good, even at 

P = 3.0 atm, where the 200-ps delay time is an order of magnitude larger than the measured 1/e coherence decay 

time of t = 21.6 ps shown in Figure 6. Singe-shot precision was investigated by constructing histograms of CARS-

measured pressures from ensembles of 2000 spectra, with the results shown in Figure 11. These single-shot results 

 were acquired at a long probe delay of  = 298 ps in order to maximize sensitivity at all pressures. The observed 

measurement precision, as quantified by a single standard deviation in the histogram data is 0.65%−1.9% of the 
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Figure 10. Single-laser-shot spectra for P = 0.1−3.0 

atm for a fixed probe delay of  = 200 ps. The 

temperature was fixed at the known value of T = 294 

K in the spectral fitting. 
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Figure 11. Single-laser-shot histograms of the 

CARS-measured pressure for gas cell transducer 

pressure of P = 0.45−3.025 atm and a fixed probe 

delay of  = 298 ps. The temperature was fixed at 

the known value of T = 294 K in the pressure 

fitting. 

 

 

 

 

 

mean single-shot CARS measurements for transducer 

pressures of P = 0.4−3.03 atm.  

A summary of the available single-laser-shot pressure data, at the probe delays of  = 100−298 ps is shown in 

Table 1. Measurement precision generally improves as  is increased, exceeding 2% by  = 297-298 ps. For P = 1−3 

atm, the accuracy of the single-shot mean pressures ranges from 0.1% to a worst-case of 6.5%. Accuracy is reduced 

at P = 0.41 atm, where the results for  = 200 ps and 297 ps are 0.04 atm, or ~10%, higher than the transducer 
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pressue, while mean pressures at  = 150 ps and 250 ps are 30−40% higher than the transducer. These results could 

likely be improved by going to longer probe delays.  

 

V. Summary and Conclusions 

We have presented a study of the feasibility of pressure monitoring using a hybrid fs/ps rotational CARS 

diagnostic with a high-energy Second-Harmonic Bandwidth-Compressed (SHBC) picosecond probe beam. Such a 

system takes advantage of both the temporal and spectral properties of the CARS signal for optimization of the 

pressure sensitivity. CARS spectra from N2 contained in a room-temperature cell were recorded for pressures 

ranging from 0.1 to 3.0 atm and probe-beam delays of  = 10-330 ps. The pressure scaling of the spectrally 

integrated decay of the CARS signal was investigated, with time constants within 3% agreement with model 

predictions for pressures of 1 atm and higher. Measured decay constants at pressures of 0.44 and 0.1 atm were 30-

50% lower than predicted, likely as a result of probe-beam walk off at long delays—an effect which could 

conceivably be calibrated for multi-probe schemes that aim to measure pressure based on the integrated decay. 

CARS spectra were observed to be sensitive to pressure for probe delays of 200 ps or more, where the collisional 

decay of the CARS signal strength places the high probe energies offered by SHBC at a premium. Fits to on-chip 

integrated spectra provided pressures that were generally within 10% of the gas-cell transducer when a probe delay 

of at least 200 ps was employed. The impact of temperature measurement based on a short-delay collision-free 

CARS spectra—a requirement for pressure monitoring—was systematically assessed. At high-pressures, near 3 atm, 

the effect of temperature is relatively small, at 2−5% of the measured pressure. The temperature-induced bias errors 

increase as the pressure is lowered, reaching 17-27% at P = 0.44 atm for a 3% error in the temperature. In all cases, 

measurement accuracy is improved by increasing the probe delay, which presents a tradeoff between data fidelity 

and signal strength. Improved temperature measurements, which have been demonstrated to ±2% with a similar 

fs/ps CARS setup [16] will imrove pressure accuracy. 

Single-laser-shot spectra were analyzed for pressure at select probe delays with the temperature assumed at the 

known room-temperature value. The accuracy of the mean single-shot pressures was 0.1 to 6.5% of the CARS-

measured mean pressures.  The precision of the single-shot pressures generally improved as probe delay was 

increased, reaching levels of 0.65% to 1.9 percent as approached 300 ps. The observed level of single-shot 

accuracy (with the correct temperature used in fitting) is comparable to values previously reported using nanosecond 

CARS in a similar pressure range, while the precision is enhanced by as much as a factor of 5−8 over previous 

CARS pressure measurements. The results presented here suggest that fs/ps CARS has potential for instantaneous 

and simultaneous pressure and temperature monitoring based on an arrangement in which at least 2 picosecond 

probe beams are used. 
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