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77 CORRELATION PROPERTIES OF PARAMETRICALLY 

GENERATEDD LIGHT 

[Tiee temporal coherence or correlation time rL of parametrically generated mid-
infraredd light is determined by measuring the twin-correlation peak in the sum-
frequencyy spectrum as a function of delay between the signal and idler. The 
correlationn time rL of the generated signal and idler fields was found to lie in 
thee picosecond range and follows the frequency-dependence, predicted from the 
bandwidthh by the relation rt = ij\u>. 

7.11 INTRODUCTION 

Inn parametric generation, a strong pump field is converted to signal and idler fields. In 
thiss process signal and idler start at the zero-photon level, which has as a consequence that 
thee classical description using Maxwell's equations fails. If there are no photons present in a 
modee of the electric field, the expectation value of the field operator is zero. The expectation 
valuee of the square of the electric field operator, on the other hand, is non-zero due to the 
zero-pointt energy. The spread in the electric field given by 

^  ̂ = yjm - (ey (7-o 

iss thus also non-zero."-4 This means that there is quantum noise present at the signal and 
idlerr input fields. These zero-point or vacuum-fluctuations can act as a seed for the para-
metricc generation and subsequent parametric amplification.2,s This means that parametric 
generation,, like the Casimir effect,47-48''57 is a macroscopic manifestation of microscopic 
quantumm fluctuations. 

Thee individual phases of the signal and idler fields in parametric generation can obtain 
anyy value, because these fields start from quantum noise. However, after being signifi-
cantlyy amplified, the sum of their phases is related to the phase of the pump field, because 
parametricc amplification is a phase-sensitive process. This means that the phases of the 
amplifiedd signal and idler fields can be strongly modulated, leading to a bandwidth given 
byy Equation (2.5), but these modulations will be complementary. As a result of the strong 
phasee modulation, the (spectral) bandwidth of the parametrically generated signal and idler 
fieldsfields can be much larger than than the bandwidth of the pump field. 

Whenn the signal and idler fields are recombined in a sum-frequencv generation process, 
generallyy a broad sum-frequency spectrum will result from the large-bandwidth signal and 
idlerr fields. However, when the signal and idler fields overlap within the coherence time 
off  their phase-modulations, these modulations will cancel, resulting in a narrow peak in 
thee sum-frequency spectrum. This narrow peak will have the same width as the pump 
spectrum.. This narrow peak has been observed and is denoted as the twin-correlation peak.' 

63 63 
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Thee term twin-correlation peak has been derived from a quantum-mechanical picture 
off  the parametric generation process. In parametric generation, a pair of photons {twins) is 
generatedd simultaneously from one pump photon. The occurrence of a narrow peak in the 
sum-frequencvv spectrum is thought to signify the recombination of a photon with its twin 
brother.. This picture is not entirely correct as each photon need not be recombincd with 
itss twin for the sum-frequency spectrum to display a narrow feature. Photons generated 
shortlyy after each other can still give rise to a twin-correlation peak, as the phases of signal 
andd idler fields cannot change infinitely fast, since this would imply an infinitely high 
frequency. . 

Measuringg the (relative) intensity of the twin-correlation peak as a function of delay 
betweenn the signal and idler fields in the sum-frequency generation when they are recom-
bined,, will reveal the correlation time of the parametrically generated fields, which is a 
measuree for the correlation time of the zero-point electric field, which acts as a seed for 
thee parametric generation process. Generally, the coherence time of the phases of the signal 
andd idler fields wil l be determined by the spectral bandwidth Aw of the parametrically 
generatedd light. The coherence time or correlation time rL is related to the bandwidth 
byy rc = i /Aw , according to the Wiener-Khintchine theorem.6* 1'0'1^ This relation has 
beenn confirmed in an experiment, measuring the coincidence counts of signal and idler 
photons.m '5 ' ' 

Thee correlation properties of signal and idler fields have been used in a wide range 
off  quantum optical experiments. A pair of twin-photons can be regarded as an entangled 
statestate and has been used to perform so-called Einstein-Podolsky-Rosen (EPR) experiments. 
Thiss entangled or EPR-state was proposed to point out the apparent incompleteness of 
quantumm mechanics/0 These gedanken experiments were later extended by Bell to demon-
stratee the incompatibility of quantum mechanics with local descriptions by means of the 
Belll  inequalities."415 These inequalities are violated if the local realistic description fails, as 
wass shown in different experiments, using parametric generation."4''68''69 These entangled 
states,, formed by parametrically generated photons, have also been proposed for and used 
inn e.g. "quantum teleportation" r-~6 and "quantum cryptography". For a comprehensive 
treatmentt of the subject of quantum optics see References 14, 149, 153, 187, and 204. 

Thee twin-correlation peak can also he used as an indicator for or a measure of corre-
lationn between parametrically generated fields. If signal and idler photons emanating from 
thee same location in the generating medium are used, only information on the temporal 
correlationn of the zero-point electric field will be obtained. If on the other hand signal 
andd idler photons from two different regions are recombined in the sum-frequency gener-
ation,, the relative intensity of the twin-correlation peak can be used as a measure for the 
spatio-temporall  correlation of the zero-point electric field. 

7.22 EXPERIMENTAL REMARKS 

Inn these experiments we use experimental set-ups that are based on a set-up for the gener-
ationn of picosecond mid-infrared pulses which is described in more detail in Section 5.2. 
Thesee pulses have previously been used in time-resolved non-linear spectroscopy, see e.g. 
Chapterr 5 and References 18, 34, 39, 42, and 210. 

Inn all experiments, pulses from a Nd:YAG laser (Quantel YG502C) are used as pump 
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Wavelengthh [nm| 
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inn the FIGUREE 7.1. Autocorrelation trace (a) and spectrum (b) of pulses from the Nd:YAG laser used 
experimentss described in this Chapter and in Chapter 5. The solid line in (a) is a Gaussian with a 
FWHMM of 47.6 ps, corresponding to a pulse duration of 33.6 ps (FWUM). 
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FIGUREE 7.2. Typical spectra of signal (a) and idler (b) pulses used in the experiments in this Chap-
terr and in Chapter 5. The solid lines are Gaussians with a FWHM of (a) 17 cm ' and (b) 19 CITT', 
respectively. . 

pulsess in the parametric generation and amplification processes in l i thium niobate 

(L iNbO,)) crystals. This p u mp laser delivers pulses with a durat ion of 34 ps (FWHM) 

andd an energy up to 60 mj per pulse at a wavelength of 1064.1 n m '" and a repetition 

ratee of 10 Hz. An autocorrelation trace of these pulses, generated through sum-frequency 

generationn in a 6.5 mm BBO crystal, is shown in Figure 7.1. Typical spectra of signal and 

idlerr pulses generated in this set-up are shown in Figure 7.2. 

7.33 TEMPORAL CORRELATION 

7.3.11 E X P E R I M E NT 

Thee experimental set-up which is shown schematically in Figure 7.3 was used to measure 

thee correlation time of the parametrically generated light as a function of the frequency of 

thee signal and idler pulses. In a L i N b O, crystal (5 cm long, optical axis cut at 47.1°) signal 

andd idler pulses are generated by 4 mj pump pulses. The part of parametrically generated 

lightt which travels collinearly with the pump beam is amplified in a second L i N b O, crystal. 

Afterr the second crystal, pump and idler wavelengths are filtered otit, yielding signal pulses 
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FIGUREE 7.3. Experimental set-up for measuring the frequency dependence of the temporal correlation 
off  the parametrically generated light. (Legend: OPG: Optical Parametric Generation, OPA: Optical 
Parametricc Amplification. BS: beam splitter, SWP: Short-wave-pass filter and mirror for 1064 nm. 
LWP:: Long-wave-pass filter and mirror for 1064 nm. SFG: Sum-frequency generation, OMA: Optical 
multichannell  analyser. R1064: mirror for 1064 nm.). 

wi t hh a typical energy of 18 /J,} per pulse. These signal pulses are split in two equal parts 

andd used as a seed for two separate amplification stages. The amplified seed pulses are then 

usedd in two further amplification stages, each yielding signal and idler pulses with typical 

energiess of 500 ft]  and 250 fx] per pulse, respectively. The signal pulses of one amplification 

stagee and the idler pulses of the other are then collinearly combined in a /?-bar ium borate 

( /? -BaB,044 or BBO) crystal. The light generated by the sum-frequency generation process 

inn the BBO crystal is then analysed using a spectrometer with an Optical Mult ichannel 

Analyserr (OMA) . T he signal and idler pulses can be delayed with respect to each other using 

aa variable delay in the path of the signal pulse. 

T hee frequency of the signal and idler pulses was varied by tuning the angles of the 

L i N b O ,, crystals. Sum-frequency spectra were recorded at different signal and idler fre-

quenciess and at different delay values between the signal and idler pulses. 

7.3.22 RESULTS AND DISCUSSION 

Severall  sum-frequency spectra recorded at different delay values between the signal beam of 

onee amplification stage and the idler beam of the other are shown in Figure 7.4. These spec-

traa were measured with the OPG/OPA stages tuned to a signal frequency wsjgnaI=5830 cm"1 

(A s;gna]=l7l 55 nm). W h en the delay between signal and idler is larger than 2 ps, a broad sum-

frequencyy spectrum, centred around 9398 cm~' (1064.1 nm) is observed. At smaller delay 

values,, a narrow peak appears on top of the broad spectrum. This narrow peak, which is the 

twin-correlationn peak, is at its maximum at delay zero. It should be noted that the twin-

correlationn peak disappeared when the pinhole (diameter 200 / /m) in front of the beam 

splitter,, which splits the seed in two, was removed. 

I nn Figure 7.5 the intensity of the max imum of the sum-frequency spectra at 
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FIGUREE 7.4. Sum-frequency spectra at different delays between signal and idler at tu;,,,.,,.,!=5830 cm 
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FIGUREE 7.5. Maxima of the sum-frequency spectra at different delays between signal and idler at 
^,.„,,11 = 5830 cm '. The solid line is a fit to the data of a sum of two Gaussians with a full width at 
half-maximumm of 1.3 ps and 29 ps respectively. 

wsi„ na]]  =5830 c m- 1 at different delay values is plotted as a function of delay between 

thee signal and idler pulses. In order to obtain a good fit of the measured data of these 

"peakk heights" as a function of delay, a Savitzky-Golay filtering procedure'"4 was applied, 

ass the data was quite noisy. Th is filtering algorithm was originally developed to extract 

peakk widths and heights from noisy spectrometric data.'82 The characteristic feature of 

thiss filtering scheme is that the peak widths and heights of the original data ate preserved. 

Afterr the filtering procedure a good fit of a sum of two Gaussians (with a full width at half-

max imumm of 1.3 ps and 29 ps respectively at a>si„ n.,|=5830 c m- ' ) to the data was obtained. In 

Figuree 7.5 this fit  is represented by the solid line. The long timescale is identified with the 

cross-correlationn t ime of the intensity profile of the signal and idler pulses and the short 

timescalee with the correlation t ime r c of the electric field. 

T hee results of the experiments at different signal and idler frequencies are shown in 

Figuree 7.6, where the correlation time of the parametrically generated light is plotted as 

aa function of signal frequency. T he solid line is calculated using Equation (2.5) for the 

bandwidthh of the generated signal and idler pulses, the Sellmeier dispersion equations for 

L i N b O , ,, see References 41 and 192, and assuming a gain factor g0 of 0.4 c m- ' over the 

lengthh of the last amplification crystal. 

Al thoughh these measurements do not yield accurate measurements of the correlation 

t imee TC of the parametrically generated light, the expected increase of rc when tuning away 

fromm degeneracy is clearly visible, when compar ing the data to the calculated curve in 

Figuree 7.6. 

T hee measured values for r c also agree with the value of TC = 1.13  0.07 ps at 

Widlcr=34500 c m- 1 (a>si„ na| = 5950 c m- ' ) , obtained from previous (incoherent) photon-echo 

experimentss with a slightly modified set-up.207'210 These incoherent photon-echo experi-

mentss make use of the fact that the time resolution is determined by the coherence t ime 

off  the pulses, rather than the pulse duration.'55 This has lead to photon-echo experiments 
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FIGUREE 7.6. Correlation time of the signal and idler fields at different frequencies. The solid line is 
calculatedd using Equation (2.5). 

withh (sub)-picosecond time resolution with nanosecond laser pulses21''56, but also using a 
synchrotron'144 and even a light bulb"5 as light sources. 

7.44 SPATIO-TEMPORAL CORRELATION 

7.4.11 E X P E R I M E NT 

Thee experimental set-up shown in Figure 7.3 was modified in order to measure the spatio-
temporall  correlation of parametrically generated light. This set-up is shown schematically 
inn Figure 7.7. Again, signal and idler pulses are generated in a LiNbO, crystal. After pump 
andd idler are filtered out, the signal pulses are split into two equal parts and amplified in 
twoo separate amplification stages. In front of the beam splitter that divides the signal pulses 
inn two, a lens is placed in such a way that the front face of the crystal is imaged in the 
planess of pinholes Bi and B2. Pinhole A is intended for alignment purposes. All pinholes 
hadd a diameter of 200 ̂ m. Sum-frequency spectra were recorded at different delay values 
betweenn the signal of one amplification stage and the idler of the other stage. 

7.4.22 RESULTS A N D D I S C U S S I ON 

Whenn only pinhole A is in place in the set-up described Figure 7.7, a twin-correlation 
peakk is observed in the sum-frequency spectra, similar to the results described in §7.3.2. 
Thiss is not surprising, as the set-up, without the lens or pinholes Bi and B2 present, is in 
principlee the same as the one in Figure 7.3. When pinhole A is subsequently removed, the 
twin-correlationn peak disappears. 

Whenn pinholes Bi and B2 are placed with pinhole A present, the twin-correlation peak 
iss present in the sum-frequency spectra, even when pinhole A is removed. When the posi-
tionn of pinhole Bi is varied in a lateral direction, the intensity of the twin-correlation peak 
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FIGUREE 7.7. Experimental set-up for measuring the spatio-temporal correlation of the parametrically 
generatedd light. (Legend: OPG: Optical Parametric Generation, OPA: Optical Parametric Amplifica-
tion,, BS: beam splitter, SWP: Short-wave-pass filter and mirror for 1064 nm. LWP: Long-wave-pass 
filterfilter  and mirror for 1064 nm. SFG: Sum-frequency generation, OMA: Optical multichannel analyser. 
R1064:: mirror for 1064 nm.). 
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FIGUREE 7.8. Intensity of the twin-correlation peak at different positions of pinhole Bi (see Figure 7.7, 

withoutt the presence of a lens.). 
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TABLEE 7.1. Presence of twin-correlation peak with different combinations of optical elements present 
inn the set-up shown in Figure 7.7. 

Elementss in place 
none e 
pinholee A 
pinholess Bi,B2 
pinholess A,Bi,B2 

lens s 
lenss and pinholes Bi,B2 
lenss and pinhole A 

Twin n -correlationn peak present? 
no o 
ves s 
ves s 
yes s 
no o 
no o 
yes s 

withh respect to the background at delay zero changes, as can be seen in Figure 7.8. How-

ever,, these data do not provide information on the spatial correlation of the parametrically 

generatedd light or the zero-photon field in the generating crystal. As there is no imaging 

withoutt the lens in place, the light going through pinhole Bi (and B2, for that matter) can-

nott be related to a certain position in the front face of the generating crystal. The measured 

pattern,, is therefore only providing information on the correlation properties or "speckle" 

acrosss the beam profile of the generated signal beam. 

Whenn the lens was placed with pinholes Bi and B2 in place, no correlation peak was 

observed.. Wi t h the lens in place, the twin-correlation peak was only observed when pinhole 

AA was in place as well. A summary of the presence or absence of the twin-correlation peak 

inn combinat ion with the different elements can be found in Table 7.1. 

Inn order to get a good spatial resolution for the measurement of the spatio-temporal 

correlation,, one needs to gather paramerrically generated light with as many directions as 

possible.. The signal and idler fields that are generated non-collinearly with the pump beam 

andd that propagate in an off-axis direction contr ibute to the spatial resolution. However, 

thesee fields have a non-zero angle between signal and idler and wil l be phase-matched at 

differentt frequencies than the collinearly propagating signal and idler fields. Therefore, 

thee off-axis genarated fields hold different "information" on frequency and phase than the 

collinearlyy generated beams. In the sum-frequency generation, only signal and idler with 

complementaryy frequencies wil l contr ibute to the twin-correlation peak, because then the 

phasee modulat ions cancel. The fields that were generated with a different frequency wil l 

contr ibutee to a broad background in the sum-frequency spectrum. 

Iff  only the collinearly generated signal and idler fields were amplified and subsequently 

usedd in the sum-frequency generation, only the twin-correlation peak would be observed, 

withoutt a broad background. The more of the other off-axis fields are "mixed in", the more 

intensee the broad sum-frequency spectrum wil l become. The necessity of the presence of 

thee pinhole before the beam splitter in in set-ups in both Figure 7.3 and Figure y.y can be 

explainedd in this way. Wi thout the pinhole to spatially select the paramerrically generated 

lightt travelling collinearly with the pump, the eventual btoad background wil l become so 

intensee that the twin-correlation peak is completely "drowned". Indeed, the intensity of the 

mid-infraredd pulses increases with the pinhole removed, as does the total intensity of the 

sum-frequencyy light. 
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Ann additional indication of the phase-sensitivity of the processes giving rise to the oc-
currencee of the twin-correlation peak is provided by some observations concerning the 
sum-frequencyy generation. When the signal and idler beams are focused by a lens and/or 
overlappedd in a non-collinear geometry, no twin-correlation peak is observed. Only when 
thee signal and idler beam are combined collinearly without focusing in the BBO crystal, the 
twin-correlationn peak is present around delay zero. It is very likely that in any other geom-
etryy than the collinear one, the parts of either beam that give rise to the twin-correlation 
peakk are either smeared out or simply do not overlap in the crystal. This again will lead to 
aa disappearance of the twin-correlation peak, because it is either drowned or absent. 

Thee need for spatial resolution for the observation of the twin-correlation peak is in 
strongg contradiction with the presence of an angular frequency dependence. The twin-
correlationn peak can therefore not be used as a measure for spatial correlation in these 
experiments.. The solution to circumvent these promblems could be to use very thin crystals 
inn the parametric generation process. However, in this case the intensity of the generated 
fieldsfields will the be very low. 

7.55 DIRECTIONAL CORRELATION 

Thee experiment described in this section was devised in order to test whether parametrically 
generatedd light with different directions, but with no phase-mismatch can give rise to a 
twin-correlationn peak. If two pump beams are overlapped non-collinearly and are aligned 
inn such a way that they make equal angles with the normal to the crystal face, the two 
collinearlyy generated signal fields are expected to have the same frequencies and phase-
(mis)matchh and a twin-correlation peak is expected to be observed. In this way, the type of 
correlationn that is sampled is not the spatial correlation but the directional correlation of 
thee parametrically generated light. 

7.5.11 E X P E R I M E NT 

Thee set-up that was used in order to sample directional correlation of the parametri-
callyy generated light is shown in Figure 7.9. Here, two pump beams are overlapped non-
collinearlyy in a LiNbO, crystal. These pump beams are aligned in such a way that they 
overlapp on the front face of the crystal and that they make equal angles with the normal to 
thee crystal face. The signal beams from the parametrically generated light in the first crystal 
aree subsequently amplified. Again, sum-frequency spectra were recorded at different delay 
valuess between the signal of one amplification stage and idler pulses of the other stage. 

7.5.22 R E S U L TS A N D D I S C U S S I ON 

Byy overlapping the two pump beams in the front face of the generating crystal in the 
experimentall  set-up described in Figure 7.9, the same volume of the crystal can be "probed" 
byy these two pump beams, without the need for imaging optics. This would in theory 
circumventt the problems encountered in the previously discussed imaging experiments. If 
thee parametrically generated light, generated by the two pump beams were seeded by the 
samee quantum fluctuation, a twin-correlation peak could be expected, and by varying the 
overlapp of the two pump beams, measurement of the spatial correlation would be possible. 
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FIGUREE 7.9. Experimental set-up for measuring the directional correlation of the parametrically gen-
eratedd light. (Legend: OPG: Optical Parametric Generation, OPA: Optical Parametric Amplification. 
BS:: beam splitter, SWP: Short-wave-pass filter and mirror for 1064 nm. I.WP: Long-wave-pass filter and 
mirrorr for 1064 nm. SFG: Sum-frequency generation, OMA: Optical multichannel analyser. R1064: 
mirrorr for 1064 nm.). 

Noo twin-correlation peak was observed in this configuration, which suggests that there is 

noo directional correlation of the quantum fluctuations in the L i N b O, crystal. 

7.66 CONCLUSIONS 

Thee temporal coherence of parametrically generated mid-infrared light was determined by 

measuringg the twin-correlation peak in the sum-frequency spectrum as a function of delay 

betweenn the signal and idler. Due to the phase-sensitive nature of the parametric generation 

andd amplification processes, the determined coherence or correlation time r c can be directly 

relatedd to the rc of the zero-point electromagnetic field, from which parametric generation 

starts.. The correlation time r c of the generated signal and idler fields was found to lie in 

thee picosecond range and was found to follow the frequency-dependence, predicted by the 

bandwidthh from the relation rc = l/Aco. 

Thee proposed method for the determination of the spatio-temporal correlation by us-

ingg the twin-correlation peak as a measure of coherence was found to be unsuited. The 

needd for a high spatial resolution and therefore a wide acceptance angle of the parametri-

callyy generated light was found to oppose the observation of a twin-correlation peak, as the 

frequencyy of the parametrically generated light shows a strong angular dependence. 




