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I. INTRODUCTION

Ever since the invention of the laser and the first 

demonstration of second-harmonic generation (SHG) by 

Franken et al. [1], there has been an upsurge in the 

generation of light at desired frequencies via nonlinear optical 

devices. These developments have allowed us to exploit 

frequency ranges which were impossible when operating 

with conventional lasers. A key point in implementation of 

any nonlinear optical devices such as frequency doublers 

and optical parametric oscillators is to have an accurate 

estimate of the nonlinear optical coefficients on which any 

nonlinear process is eminently reliant. Meticulous assessment 

of its absolute value is crucial in order to have an in-depth 

knowledge of the involved nonlinear processes. 

A significant material exploited for frequency conversion 

is lithium niobate (LiNbO3) due to its large nonlinear 

coefficient and wide transparency range [2]. The development 

and implementation of quasi phase matching (QPM) devices 

such as periodically poled lithium niobate (PPLN) further 

accelerated its usage in various application such as RGB 

generation [3], projection display applications [4], molecular 

spectroscopy, environmental monitoring and military 

applications [5]. Unfortunately, LiNbO3 is susceptible to 

photorefractive damage (PRD) which leads to optical damage 

and hence is not suitable for high power applications [2]. 

A way to deal with this is to use magnesium doped LiNbO3 

[6]. It was seen that 5% MgO:PPLN does not show PRD 

at very high input intensities even in the visible wavelength 

ranges [7, 8]. Hitherto, the absolute values of nonlinear 

coefficient of 5% MgO:PPLN have been reported by Eckardt 

et al. [9] and Shoji et al. [10]. Eckardt et al. performed 

temperature tuned critically phase-matched SHG in a 6.3 

mm-long MgO:PPLN pumped at 1064 nm and reported the 

value of d31 to be 4.7 pm/V. 

Shoji et al. used the non-phase-matched SHG wedge 

fringe method, Maker fringe method, and parametric fluore-

scence (PF) to determine the tensor components of the 

nonlinear coefficients. The d33 value was established using 

the wedge fringe method at 1064 nm and was found to be 

25 pm/V. The Maker fringe (relative measurement against 

d33 of congruent LiNbO3) experiment was done at 1064 nm 
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and ascertained that the d31 value was 4.4 pm/V. The d33 

and d31 values were also found to be 28.4 pm/V and 4.4 

pm/V, respectively, at 852 nm (fundamental) using the 

wedge fringe method. The PF method was done at 488 nm 

and established the d31 coefficient to be 4.9 pm/V. 

It can clearly be seen that the d31 values at 1064 nm 

obtained by the two investigators seem to differ [9, 10]. A 

possible cause for the larger value of the former could be 

explained by multiple reflection effects in their experiment. 

The reflection effect was taken into account by Shoji et al. 

Another inconsistency is the larger value of d31 obtained 

by PF when compared to the one obtained from the SHG 

measurement. This discrepancy was also seen in nonlinear 

coefficient measurements of other crystals such as congruent 

LiNbO3 [11, 12], LiIO3 [9, 12], and KTP [13, 14]. 

Estimation of the d33/d31 ratio is a must to have an idea 

of an input power level that would be required to produce 

a detectable SHG output in the type-1 nonlinear interactions 

when one already knows that for the conventional type-0 

interaction. This ratio also plays a pivotal role in making 

quantifiable scrutiny of a nonlinear frequency conversion 

process which is crucial in estimating ideal circumstances 

and avoiding consequences that damage the conversion 

process [9]. According to Shoji et al. [10], this ratio turns 

out to be 5.68 at 1064 nm, and 5.79 at 852 nm. Their 

experimental procedures employed non-phase-matched 

techniques which produced weak signals and hence required 

a sensitive detector. This escalates the experimental cost 

and is also complicated when compared to the phased- 

matched experiments. Another disadvantage clearly seen is 

the discrepancy caused by the multiple reflection effects 

when the sample surfaces are not antireflection-coated. 

To avoid these shortcomings, we obtained the d33/d31 ratio 

by comparing the QPM type-0 and type-1 SHG outputs 

from a 5% MgO:PPLN. The SHG signals were very strong 

and could be detected easily with a common power meter 

and made the experiment procedure a lot easier. Since it is 

a comparison experiment, we can neglect multiple reflection 

effects and thereby avoiding any discrepancies. This gave 

us a (d33/d31)SHG value. We further verified this ratio by 

performing spontaneous parametric down-conversion (SPDC) 

experiments. The obtained ratios in both the experiments 

were also in agreement with the earlier reported values.

II. EXPERIMENTS

A schematic diagram of our experimental setup is shown 

in Fig. 1(a). The nonlinear crystal used in the experiment 

was a z-cut 10-mm-long 5% MgO:PPLN. The crystal was 

mounted in an oven whose temperature could be varied 

from 25 to 130°C with an accuracy of 0.1°C. The QPM 

period was selected as 27.58 µm, according to the Sellmeier 

equations given by Gayer et al. [15]. This QPM period is 

expected to satisfy the following parametric interactions: 

(1) Type-0 (e + e → e) 5th order QPM SHG of 990.6 nm 

at 55°C and its reverse SPDC process pumped at 495.3 nm. 

(2) Type-1 (o + o → e) 1st order QPM SHG of 970.8 nm 

at 60°C and its reverse SPDC process pumped at 485.4 nm. 

The pump beam was generated from an optical parametric 

generator-optical parametric amplifier (OPG-OPA) system 

using two β-barium borate (BBO) crystals which were 

pumped by the third harmonic (355 nm) of a mode-locked 

Nd:YAG laser (Quantel YG901, pulse width: 35 ps, 

repetition rate: 10 Hz) [3]. The output wavelength of the 

OPG-OPA system was tuned to either ~490 nm (signal) or 

~980 nm (idler) as per the requirement, having a typical 

linewidth of ~4 nm. Appropriate filters were used to either 

transmit or block the signal/idler of the OPG-OPA system. 

A Fresnel rhombus was used to rotate the plane of 

polarization of the OPG-OPA output beam when necessary. 

It was then focused and propagated in the crystal along 

the crystalline x-axis. The 1/e2 beam radius at the focus 

was determined to be 250 µm by a scanning knife-edge 

experiment.

First, we performed temperature-tuned SHG experiments 

for type-0 and type-1 configurations in order to confirm 

the QPM conditions predicted by the temperature-dependent 

(a) (b)

FIG. 1. Schematic of the experimental setup (a), and polarization configurations (b): (i) type-0 SHG, (ii) type-1 SHG, (iii) type-0 SPDC 

and (iv) type-1 SPDC. Gray arrows: propagation direction along x-axis, blue arrows and crossed circles: polarization directions.
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Sellmeier equations [15]. In the case of the type-0 QPM 

SHG, the input (idler from the OPG-OPA) wavelength (ω

Pump) was tuned to 990.6 nm, and the polarization direction 

was aligned parallel to the z-axis of the crystal as shown 

in Fig. 1(b-i). The z-polarized SHG (ωSHG) output, related 

to d33, was directly measured with a pyroelectric detector. 

On the other hand, to obtain the type-1 QPM SHG from 

the same crystal, the input wavelength was tuned to 970.8 

nm, and the polarization direction was aligned parallel to 

the y-axis of the crystal as in Fig. 1(b-ii). The z-polarized 

output was measured with the same pyroelectric detector. 

This z-polarized SHG output is related to d32 (= d31), since 

for the 3 m point group, the effective nonlinearity for a 

uniaxial crystal is given by the expression [16],






sin


cossinφ , (1)

where θ is the polar angle between z-axis and the wave 

vector which in our case is the crystalline x-axis, φ is the 

azimuthal angle. Since θ = 90°, the contribution from d22 

becomes zero, making dooe = d31 for our type-1 SHG [16]. 

The ratio (d33/d31)SHG was obtained by comparing the 

measured output power for the two configurations.

For inquisitiveness and verification, we performed the 

reverse of the SHG experiments i.e. SPDC. For the type-0 

SPDC experiment, the OPG-OPA signal wavelength was 

tuned to 495.3 nm, while it was tuned to 485.4 nm for the 

type-1 SPDC. The pump (OPG-OPA signal) was polarized 

parallel to the z-axis in both cases. The output SPDC (ωSignal 

and ωIdler) signal was z-polarized in the type-0 SPDC and 

y-polarized in the type-1 SPDC as shown in Figs. 1(b-iii) 

and (b-iv), respectively.

Among the SPDC outputs from the MgO:PPLN crystal, 

the signal part was spectrally separated by a monochromator, 

and measured with a silicon avalanche photodiode (APD) 

attached to the monochromator. We used a Si-APD instead 

of a pyroelectric detector in order to detect the much 

weaker SPDC signal. From the maximum intensities of the 

wavelength tuning plots, the (d33/d31)SPDC ratio was estimated.

III. RESULTS AND DISCUSSION

3.1. SHG Measurements

Figure 2 (left) shows the temperature tuning SHG output 

for the 5th order QPM type-0 SHG power. The fundamental 

input pulse energy was 40 µJ at 990.6 nm. The experi-

mental QPM peak was obtained at 58°C which is slightly 

shifted from the theoretical QPM temperature of 55°C 

calculated using the Sellmeier equation for the extraordinary 

wave [15]. However, the experimental temperature band-

width was ~50°C which is much greater than the theoretical 

temperature bandwidth of 1.9°C. This large difference could 

be explained by considering the broad bandwidth of the 

fundamental input provided by the OPG-OPA system. The 

FWHM bandwidth of the pump was 4 nm centered at 

990.6 nm. Each of the wavelength components within the 

fundamental bandwidth would be quasi-phase-matched at a 

different temperature, contributing to the SHG temperature 

bandwidth. To verify this, we took fifteen wavelength 

components within the ±2 nm band from the fundamental 

center wavelength, calculated their corresponding QPM 

temperatures, and then compared it with the experimental 

result. The calculated and experimental results were in 

agreement with each other as seen in Fig. 2 (left). The 5th 

order SHG output after filtering out the pump was measured 

to be 4.68 µJ.

For the 1st order QPM type-1 SHG, the fundamental 

input energy was 40 µJ (same as in type-0 above) at 

970.8 nm. Figure 2 (right) shows the experimental and 

calculated type-1 SHG temperature tuning curves. The SHG 

energy was maximal at 122°C, while the theoretical QPM 

temperature was calculated as 60°C. This large shift could 

be attributed to a significant difference between the actual 

refractive index of MgO:LiNbO3 and the one predicted by 

the Sellmeier equation, and/or to a small deviation of 

poling period from the designed value during the fabrication 

process. The ordinary index (no) in the Sellmeier equation 

was up-shifted by 0.01339 to match the experimental 

results. We chose not to change the extraordinary index (ne) 

since the experimental results of the type-0 SHG agreed 

reasonably with the theory, and no has much smaller 

temperature dependence than ne for MgO:LiNbO3 [17, 18]. 

The theoretical bandwidth of the type-1 SHG was 0.21°C, 

while in experiment it was 12°C. The broader bandwidth 

could be explained by the broadband nature of our 

fundamental input as in the type-0 case. The 1st order 

QPM SHG output energy was measured as 5.52 µJ.

Since the SHG experiments have been performed with 

the same fundamental pump energies for the same sample, 

the (d33/d31)-ratio can be obtained by taking the ratio of 

the properly normalized SHG outputs as shown in Table 1. 

FIG. 2. SHG power versus temperature for type-0 pumped 

at 990.6 nm (left) and type-1 pumped at 970.8 nm (right). 

Open triangles: type-0 data, open squares: type-1 data, dots: 

Type-0 (red), Type-1 (blue) QPM bands calculated based on 

Sellmeier equations [15] for fifteen different wavelengths 

within each input fundamental band.
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For a given input fundamental power and PPLN length, 

the nonlinear coefficient is related to the QPM SHG output 

power by the following expression,

∝
sin


SHG output power  (2)

where d is the nonlinear coefficient tensor element d33 

(type-0) or d31 (type-1), m is the QPM order, and D is the 

duty ratio of the χ(2)-grating [19]. A factor of 1.26 was 

inserted to consider the effect of bandwidth of the 

fundamental input which is much broader than the QPM 

bandwidths. Type-1 SHG has a broader wavelength 

bandwidth than type-0 SHG as compared in the ‘QPM 

bandwidth’ column in Table 1 [15]. For our sample, we 

measured D = 0.483 on average which deviates from the 

ideal value of D = 0.5. This deviation was taken into 

consideration by the factor sin  in Eq. (2). It is 

obvious that this scaling factor would be different for 

type-0 and type-1 interactions in our experiment as their 

QPM orders are different (m = 5 and 1, respectively). The 

scaling factor turned out to be 5.18 and 1.00 for type-0 and 

type-1 interaction, respectively. The resulting (d33/d31)-ratio 

was 5.35.

It should be noted that we could minimize the effects of 

several experimental artifacts such as reflections at the 

crystal surfaces and the input beam profile in the above 

comparison since the two experiments were performed at 

similar wavelengths. We also note that the use of a source 

with a narrow-linewidth can reduce the uncertainty involved 

in the above evaluation since the SHG output is directly 

affected by the fundamental input linewidth when it is 

greater than the QPM bandwidth.

3.2. SPDC Measurements

The fundamental input wavelengths for the 5th order 

type-0 SPDC and the 1st order type-1 SPDC were 495.3 

nm and 485.4 nm, respectively. We used the same 

fundamental input energy of 190 µJ/pulse for both cases. 

Non-degenerate SPDC was obtained in each case so that 

the obtained signal bands are well within the detectable 

spectral range of the Si-APD. Figure 3(a) depicts the 

experimental and theoretical type-0 SPDC spectra. The 

experimental peaks were obtained at 53°C, while the 

theoretical temperature was calculated as 69°C to generate 

the same peak. As in the type-0 SHG temperature-tuning 

curves, the experimental spectrum was much broader than 

the theoretical one, which could be justified by taking into 

account the fundamental input bandwidth. The spectral 

region between 985 nm and 1020 nm could be attributed 

to the degeneracy condition that occurs at a pump 

wavelength of 495.9 nm within the fundamental band. This 

coincides with the theoretical degeneracy condition that is 

indicated by the gap between the theoretical signal and 

idler bands. The idler could not be detected as it was cut 

off by the spectral response of the Si-APD. We measured 

a current of 120 nA when the Si-APD detected the 5th 

order QPM type-0 SPDC signal output in the narrow 

window of 4 nm, centered at 928 nm set by the 

monochromator.

The experimental and theoretical spectra of the type-1 

SPDC is shown in Fig. 3(b). In this experiment, the SPDC 

TABLE 1. Parameters used in the estimation of (d33/d31)-ratio from the measured SHG output

λpump

(nm)
QPM order

SHG output

(µJ/p)

QPM bandwidth

(nm)

sin

(D = 0.483)
d33/d31

Type-0 990.6 5 4.68 0.0747 5.18
5.35

Type-1 970.8 1 5.52 0.0943 1.00

(a) (b)

FIG. 3. Type-0 QPM SPDC spectrum pumped at 495.3 nm, 53°C (a), and type-1 QPM SPDC spectrum pumped at 485.4 nm, 122°C 

(b). Open triangles: data. Dots: QPM bands calculated based on Sellmeier equations [15] for thirty different wavelengths within the 

input fundamental bands. The cut-off of Si-APD starts from ~1050 nm.
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spectrum was obtained at 122°C, while the theoretical 

temperature was calculated as 61°C to generate the same 

peak, which can be explained the same way as in the 

previously mentioned type-1 SHG experiment. The wider 

bandwidth experimental spectrum of the signal could be 

justified in view of the fundamental input linewidth as 

explained previously. We chose to ignore the strength idler 

band while calculating the (d33/d31)-ratio because of the 

following reasons. Firstly, since the signals bands generated 

by the type-0 and type-1 SPDC were similar, the (d33/d31)- 

ratio was obtained by comparing the respective signal 

strengths and hence we ignored the idler. Secondly, the idler 

was affected by the cut-off of the Si-APD. We measured a 

current of 116 nA when the Si-APD detected the 1st order 

QPM type-1 SPDC signal output in the narrow window of 

4 nm, centered at 925 nm set by the monochromator.

The SPDC experiments have been performed with the 

same fundamental pump energies, the (d33/d31) can be 

obtained by taking the ratio of the output SPDC signal 

currents as shown in Table 2.

As in the SHG experiment, the duty ratio was taken 

into consideration in estimating the (d33/d31)-ratio by 

modifying Eq. (2) as

∝
sin


SPDC output current  (3)

In SPDC the broad bandwidth of the pump was not 

included in the correction, because each spectral component 

in the pump would generate its own QPM signal band in 

contrast to SHG. The scaling factor sin  has the 

same value as in SHG.

In the above comparison, the effects of several experi-

mental artifacts such as reflections at the crystal surfaces 

and the input beam profile are minimized as in the SHG 

experiments, since we used similar pump wavelengths and 

detected the signals also at similar wavelengths in the two 

SPDC experiments.

As a result, SHG and SPDC gave us similar (d33/d31)-ratio. 

The deviation between (d33/d31)SHG and (d33/d31)SPDC ratios 

was only 1.5%, which is within the uncertainty range of 

our power measurement. Our (d33/d31) ratio of 5.35 (from 

SHG) can be compared with the values obtained by Shoji 

et al. [10], giving a discrepancy of 6%. However, because 

a ~10% uncertainty is always involved in this kind of 

experiments relying on the power measurements, it would 

not be meaningful to discuss a less than 10% error in the 

evaluation of d-values.

IV. CONCLUSION

In summary, we obtained (d33/d31) ratios in 5% 

MgO:PPLN crystal by directly measuring the output powers 

of the quasi-phase-matched SHG and SPDC processes. The 

results were in good agreement with the previously 

established values by Shoji et al. within the experimental 

uncertainty. Hence, we conclude that our quasi-phase- 

matching method offers a simpler, easier and economical 

approach to estimate the ratio of the nonlinear tensor 

components when compared to the previously reported 

procedures. An interesting observation seen in our results 

was the need to scale no value to match theory and 

experimental results making us believe that the Sellmeier 

equation of no needs to be corrected which would be an 

interesting subject for further study.
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