Absolute Calibration of Optical Streak Cameras on Picosecond Time-scales using Supercontinuum Generation
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We report a new method using high stability, laser-driven supercontinuum generation in a liquid cell to calibrate the absolute photon response of fast optical streak cameras as a function of wavelength when operating at fastest sweep speeds. A stable, pulsed white light source based around the use of self-phase modulation in a salt solution was developed to provide the required brightness on picosecond timescales, enabling streak camera calibration in fully dynamic operation. The measured spectral brightness allowed for absolute photon response calibration over a broad spectral range (425-650nm). Calibrations performed with two Axis Photonique streak cameras using the Photonis  P820PSU streak tube demonstrated responses which qualitatively follow the photocathode response. Peak sensitivities were 1 photon/count above background. The absolute dynamic sensitivity is less than the static by up to an order of magnitude. We attribute this to the dynamic response of the phosphor being lower.
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http://dx.doi.org/10.1364/AO.99.099999

1. Introduction
Absolute calibration of streak cameras is an important step for many applications such as streaked optical pyrometry1(SOP), which is a well-known technique used to measure the temperature of objects from the radiation they emit. Streak cameras are sophisticated electro-optical systems comprised of an input photocathode on vacuum window, electron optics, a phosphor screen and a readout camera (CCD). Typical methods to calibrate optical streak camera responses utilise calibrated continuous thermal sources with the streak camera operating at slower sweep speeds than usual operating conditions, or in static (focus) mode2,3. This inherently assumes that the streak camera system response is linear over large differences in illumination duration. Whilst this is true for many streak camera components such as the read-out CCD, it has been shown that the phosphor response is dependent on the illumination duration4-6. Consequently, large differences have been noted in the absolute responses of x-ray streak cameras exposed to ultrashort duration sources when compared to static ones6. Given the operational similarities between optical and x-ray streak tubes, such differences are anticipated to affect the absolute response of optical cameras too.
The method highlighted in this paper shows that it is possible to use a laser driven supercontinuum7 source based on a liquid cell with sufficient stability to allow a comprehensive dynamic calibration of the streak camera sensitivity to be undertaken at the fastest sweep speeds. The novel laser-driven source described here offers advantages including a broad bandwidth, high spectral brightness and picosecond temporal resolution, yet keeps average power low to prevent the possibility of photocathode damage. The camera characterization involves a measurement of the number of photons required per unit camera output (CCD counts) at the fastest sweep speeds and at multiple wavelengths.

2. Calibration Methodology
Supercontinuum generation is a commonly exploited technique used to generate ultra-broadband spectra through the propagation of intense light pulses through matter. The spectral broadening is typically due to a variety of nonlinear optical effects such as self-phase modulation, Raman scattering and filamentation, and has been demonstrated in a range of configurations including photonic crystal fibers8 and gases9. The exact physical mechanisms vary depending on the nonlinear medium used, but for the purposes of this work the key properties of interest are the spectral brightness, stability and spatial uniformity of the source. 
A liquid cell containing a concentrated solution of potassium (~ 4.25Mol) and zinc (~ 2.1Mol) chlorides (K2ZnCl4(aq)) was used as the generating medium for the broadband light as this been demonstrated to deliver more intense white light10 than water alone. In practice, it was found that the higher nonlinear refractive index of the cation solution offered better stability in the spatial and spectral properties of the generated light compared to distilled water. It also has the additional benefit compared to solid materials such as quartz that the liquid is effectively damage proof, which allows operation at 10Hz repetition rate without the need for rastering of the nonlinear medium. 
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 Fig. 1.  Schematic of the system used for streak camera absolute calibration. The laser source is a 10Hz OPCPA system delivering 2mJ pulses with a pulse duration of 450fs and a center wavelength of 1054nm. The drive laser pulses are focused into a liquid cell containing a saturated solution of K2ZnCl4(aq). The generated supercontinuum is collimated using an equivalent specification lens. A narrow bandwidth infra-red mirror (IR) is used to remove the residual drive beam along with a small fraction of the white light for shot-to-shot energy monitoring using a photodiode. Calibrated band pass filters (BP) are used to isolate small regions of the white light spectrum to measure the streak camera responses. Additionally, a removable mirror (RM) is also used to direct the white light on to the spectrometer and calorimeter for characterization. 

Figure 1 shows a diagram of the setup used to calibrate the streak cameras. The liquid cell (8cm long cylinder) was driven with a stable (~ 2% RMS input energy stability) 450fs, 2mJ Optical Parametric Chirped Pulse Amplification (OPCPA) laser source operating at 1054nm. A 60mm focal length, f/3 plano-convex lens focused the drive laser pulses into the cell, generating supercontinuum light which was re-collimated at unit magnification with an equivalent lens. The measured output energy in the white light pulses was typically 10µJ, with a RMS stability of 6%. This corresponds to > 1013 photons per pulse with sufficient spectral irradiance to use the source directly for streak camera calibration at any wavelength from 400-1000nm. Fluctuations in the absolute energy of the white light were monitored on every shot and used to correct the photon count from the average value for each data point. This was achieved by picking off a ~ 4% reflection of supercontinuum and directing it on to a calibrated photodiode with an infra-red (IR) blocking filter. 
The generated spectrum had slow modulations dominated by the absorptive properties of water. Figure 2 shows the mean (50-shot average) supercontinuum spectrum along with RMS variation as a function of wavelength (dashed curve). For this methodology to be consistent, it was vital that the spectral shape of the supercontinuum source not change significantly shot-to-shot. This stability of the drive laser was critical in obtaining repeatable results. In practice, we found that the double salt based source offered sufficient stability to not warrant measuring the spectrum on every shot. 
A series of calibrated bandpass interference filters were used to select spectral windows from the generated broadband spectrum for streak camera sensitivity measurements as a function of wavelength. The energy of the generated white light was measured using a Gentec QE12LP-S-MB high sensitivity calorimeter which has a near flat spectral response over a range of 0.18µm to 20µm11. This Gentec calorimeter is specifically designed for operation with broadband sources and even over the large bandwidth measured, the error is estimated at 4%. Calibration of the Gentec calorimeter was performed to NIST12 traceable standards by the manufacturer. 
[bookmark: _GoBack]The supercontinuum spectrum was measured with a BWtek BRC624E spectrometer with a resolution of 1.8nm13, calibrated to correct for the nonlinear response of the CCD, dark counts and astigmatism of the internal optics. The narrowband interference filters were calibrated independently using a high resolution Jobin Yvon MicroHR spectrometer with a resolution of <0.01nm. Therefore, the transmission within each spectral window can be evaluated accurately to better than 1%.   Although the spectrometer could only measure the relative spectrum of the supercontinuum, the combination of an absolute energy measurement and relative spectral intensity is sufficient to generate an absolute spectral energy distribution (E(λ)) calculated by normalizing the measured spectrum by the sum of all recorded spectrometer counts
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Fig. 2: Measured mean supercontinuum spectrum is shown in the red curve. The low frequency modulations are generated by the spectral properties of the solvent.  The dashed black lines above and below the red represent the RMS deviation over the entire wavelength range over 50 shots. Although the calibration defined in this paper only used a small fraction of the bandwidth available, there is sufficient brightness and stability to extend this methodology to the NIR (700-1000nm) wavelength range such as required for S1 photocathode cameras. 
The interference filters had 10nm FWHM bandpasses, isolating narrow spectral regions of the supercontinuum light; one ~ 50nm bandpass was used. The selected filters offer a minimum optical density (OD) of 4 across the entire bandwidth of the supercontinuum outside the bandpass region. The cumulative transmittances of all the optical components was used to calculate the spectral energy, hence the photon count (Np) in each spectral band 

                  (2)

where h is the Planck’s constant, c is the speed of light, λ is the wavelength and the integral is evaluated numerically over the full width of the transmitted bandpass of the filter. Figure 3 shows the normalized transmittance of each wavelength band used for the calibration. As the source was tailored to be spectrally smooth, only the shape of the filter bandpass determined the shape of the spectral band. The selected bands were sufficiently narrow that the measured response can be well-approximated to be at the centroid of the bandpass. As streak cameras based upon the S20 photocathodes are most sensitive at visible wavelengths, they were calibrated between 425nm-650nm. The source described here also has sufficient spectral irradiance to [image: ]calibrate near-infrared cameras.
Fig. 3: Measured normalized transmittance of bandpasses of the white light source. The band centered at 625nm has a wider FWHM of 50nm while all other filters have 10nm FWHM widths.
Uniform illumination of the photocathode by the white light beam is essential for the purposes of calibration.  This requires a near flat-top spatial profile to ensure the calibration is not adversely affected by inhomogenities in the beam. A holographic diffuser with a 1° divergence angle (Edmund Optics #48-514) was used to homogenize the white light beam. Whilst this disrupts the spatial coherence of the broadband light, that is not a required property for the calibration of the camera. The generated spatial profile of the white light beam along with the lineout is shown in Fig. 4. The use of an oversize beam allows the central near flat-top region to be spatially apertured by the dimensions of the photocathode. The small divergence angle of the diffuser does not affect beam size over the short distances involved in this measurement and the profile shown in Fig. 4 was measured at an equivalent plane to the photocathode. A relative measurement of the spatial profile along with the exact dimensions of the photocathode allows the fraction of the beam which hits the cathode to be accurately evaluated.
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Fig. 4. Spatial measurements of the generated supercontinuum beam after passing through a holographic beam smoothing optic. A) Apodized spatial profile at a plane equivalent to the streak camera photocathode. B)  The selected central region which hits the photocathode. C) A lineout of the profile along the dotted line in part A.
The photocathode (S20 with Sapphire window) on the Axis Photonique (AP) streak camera has dimensions of 16mm in the spatial direction and 1mm in the temporal direction. The P820PSU streak tube operating at -15kV voltage uses a cylindrical electron lens in the temporal axis, focusing the photoelectron beam onto the phosphor (P22N) at the rear of the streak tube, which significantly improves temporal resolution. The slit type extraction electrode collects photoelectrons from a narrow region of the 1mm high photocathode and effectively acts a slit for the system.  To determine the effective width of this region, a separate measurement of the relative sensitivity of the photocathode in the temporal axis was carried out by scanning the focus of continuous wave laser and recording the counts. The measured width was 150μm. Only the photons which fall on this sensitive region contribute to the signal on the CCD and the fraction of the white light beam which hits this area is used to calculate the input photon value. 
The phosphor at the end of the streak tube is imaged 1:1 via fiber optics on a Spectral Instruments Si-800 (E2V 42-40) CCD camera cooled to -35 °C and the default integration time of 100ms was used for all measurements. The intensity response non-linearity of the CCD is measured by the manufacturer to be typically less than 1% over its 16-bit range and quantum efficiency is greater than 45% over the entire visible spectrum14. The effect of read noise is also insignificant (<0.5 electrons) given the typical signal level of 1000 counts per pixel. 
Using the method highlighted above and Eqs. 1 & 2, we calcuated the number of photons incident upon the sensitive region of the streak camera. The fractional errors in the individual measurements from the photodiode correction, spectral shape changes and absolute calibration of the calorimeter were summed in quadrature to generate an uncertainity in the energy per unit wavelength in Eq. 1. Next, the uncertainties in the filter transmission values affect the number of photons within a filter bandpass as per Eq. 2. Lastly, the output from Eq. 2 is multiplied by a constant factor that accounts for the fraction of the beam incident on the active area of the photocathode.  The combined uncertainties in Eqs. 1 & 2 and the active fractional area are added in quadrature giving a ± 20% (RMS) uncertainity in the number of photons hitting the photocathode.

3. Results & Discussion
To measure the number of photons required per CCD count within a spectral bandpass, the white light pulse described in Sec. II was streaked using the sweep windows of 1ns or 2ns with all streak camera parameters set identical to real shot conditions. The readout speed on the CCD was set to the lowest value to reduce the effect of dark counts, and a background image was subtracted such that only the counts corresponding to incident photon hits were included. The CCD binning level was set to 1x1, allowing individual pixel values to be examined during analysis, and gain was set to 1 (i.e. no amplification of read electrons).  The temporal width of the supercontinuum (400 - 1000nm) is measured to be approximately 5ps. We attribute this to group velocity dispersion in the liquid cell.  Within the spectrally apertured bands used for calibration, the temporal width is expected to be close to the delta function response of the camera; however, the actual temporal width of the white light source is not a critical parameter if it is significantly less than width of the sweep window. Figure 5 shows typically measured traces recorded with bandpass filters at 430nm, 527nm and 625nm. 
The counts within this narrow spatio-temporal band are integrated and the value generated along with the number of photons hitting the photocathode is used to measure the number of photons required per CCD count. Integrating the signal over the entire CCD effectively bins the total measured counts into a single ‘superpixel’ (comprising of ~ 30000 illuminated pixels). This averaging substantially reduces statistical errors associated with shot noise emission which, dominate on a per pixel basis, to less than 1% of total measured counts. This procedure was repeated over a range of spectral bands as per fig. 3 using 8 discrete filters to measure the absolute response as function of wavelength. We note from fig. 5 that the pulse duration of the signal varies somewhat with input signal count, which is attributed to space charge broadening. This does not affect the linearity of streak tube response to the incident photons as discussed below.  





[image: ]
Fig. 5: Sample data recorded using the AP #602 streak camera at three different wavelengths; 430nm, 527nm and 625nm. The counts in the signal regions are integrated and values divided by the number of photons incident on the photocathode to calculate the sensitivity in units of average number of photons needed per count above background. Greater than 104 pixels are illuminated per shot, which reduces the error in the mean number of counts per pixel by 100.
Saturation of the streak tube current is a key factor limiting streak camera resolution and dynamic range on a picosecond timescale. Short pulsed light sources can rapidly saturate the maximum amount of charge that can be liberated from the photocathode. Measurements for the P820PSU streak tube operating at 10kV indicate that the saturation current is of the order of 9mA15, although we expect it to be higher at 15kV given the value is 25.2mA at 20kV15. The linearity of the streak tube was measured under our operating conditions to ensure that integrated CCD counts are proportional to the number of input photons. Figure 6 shows the integrated counts over two orders of magnitude for white light filtered at 625nm incident on the streak camera at. We note that the tube response is linear with photons over a wider range than over which measurements were performed. The calibration parameter space is highlighted on the figure. 

[image: ]
Fig. 6: Streak camera linearity as a function of incident photons for 625nm light over 2ns sweep window. The calibration region is highlighted using the dashed box.  Within the parameter space of this calibration, charge extraction saturation at the photocathode was not a limiting factor.
To enable comparison with the measured dynamic camera responses that we subsequently describe, the streak tube measured static responsivity values are plotted in Fig. 7. These quantum efficiency (QE) data for the two streak tubes, one used in each AP camera, are shown along with a generic curve from the tube manufacturer, Photonis16. The measurements used static illumination of the photocathode to record the output photoelectron current. We have converted these data from units of mA/Watts to photoelectrons per incident photon so that they can be used in our analysis. We note that there is a small difference in responsivity between the tubes used in our AP streak cameras and a factor of ten reduction from the typical responsivity quoted by the manufacturer. 
[image: ]

Fig. 7: QE curves of the two streak tubes used in the AP streak cameras as a function of wavelength. A sample S20 photocathode based streak tube published by the same manufacturer is also included for comparison. The units have been converted from mA/W to photoelectrons/photon for comparison with our data. 
The static response of the streak tubes from Fig. 7 can be extrapolated into an equivalent inferred static response for the entire streak camera systems by using measured values of photoelectron transmission in the streak tube along with the gain coefficient for the phosphor–CCD assembly. This gain co-efficient allows conversion from transmitted photoelectrons in the streak tube to CCD electrons (which is directly related to measured CCD counts for low read and no additional CCD gain15). Mens et al15 also report a transmission factor of 46% for the P820 class streak tubes, while the static gain factor for the P22N phosphor along with E2V 42-40 CCD has been measured as 108 (17). Using these factors, the static streak tube QE data (#602 and #603) in Fig. 7 can be scaled to the full response of the camera systems, thus providing inferred static response curves. Additionally, we use a dynamic phosphor-CCD gain factor of 13 from Ref. 15 to scale the same data to provide the inferred dynamic camera responses, thus enabling comparison with our detailed dynamic measurements. Although the phosphor used (P20) and CCD (not stated) are different to our configuration, we believe the differences to be small as the newer P22N phosphor is direct replacement, and all scientific grade CCDs have low read noise.   
Figure 8 shows the measured wavelength-dependent absolute dynamic sensitivity of the AP streak cameras along with the inferred static and dynamic responses evaluated as described above. Three measurements were carried out using each bandpass filter and all points are plotted with their respective error bars. The error bars are calculated by adding in quadrature the uncertainties in the number of photons hitting the active region of the photocathode (±20%) along with statistical errors associated with measurement of streak camera counts, the latter being negligibly small. We note that sample points fall within the error bars indicating that we have captured the uncertainties in our measurements sufficiently and that the results are repeatable. Figure 8a shows the measured dynamic sensitivities for two streak cameras at identical sweep speeds. There is agreement between two streak cameras on the absolute dynamic sensitivity within the error bars. The inferred dynamic responses (dot-dash) also broadly agree with our measured values, despite differences in phosphors and CCD.  However, the inferred static responses (dashed curves) are an order of magnitude more sensitivity than the measured dynamic responses. Assuming no changes in photoelectron transport between using static and dynamic sources, we attribute the difference to the phosphor response being dependent on photoelectron bunch duration. Similar behavior has been observed by Gallant et al6 for x-ray streak cameras where a difference in factor of 50 was measured between static and sub-picosecond x-ray sources. Figure 8b shows the dynamic responses at two different sweep speeds on a single camera to be comparable within error bars. 
[image: ]
FIG 8: Comparison of the wavelength dependent absolute responsivities of two S20 photocathode based AP streak cameras measured dynamically, with the inferred static and dynamic responses. A) Comparison between two identical cameras shows similar responsivity to within error bars. There is an order of magnitude difference in the absolute responsivity between inferred static and measured dynamic modes, which we attribute to the reduced phosphor response when using ultrashort pulse illumination. B) The responsivity of a single camera operating at two different sweep speeds agrees within the error bars. We attribute the difference between sweep speeds at 625nm to plotting error bars at ±1σ level.   
The level of agreement seen between dynamic measurements and the extrapolated curves is promising, highlighting the utility of our new method. The difference between the inferred static and dynamic measurements is large. The measured dynamic responses of both cameras are approximately flat, with noticeable departures only at the limits of the spectral coverage. Therefore, we use the average sensitivity across the measured spectral band to compare the two cases in table 1. 



	Comparison of streak camera sensitivities (photons/count)

	AP #
	Average Measured
Dynamic
	Inferred
Static
	Inferred
Dynamic

	602
	2.1±0.2
	0.39
	3.3

	603
	2.6±0.3
	0.27
	2.3


Table 1: Summary of mean (425 - 650nm) measured and extrapolated cases. 
The dynamic measured (425 - 650nm average) sensitivity of the AP #603 and #602 streak cameras is 2.6±0.3 and 2.1±0.2 photons/count respectively. The average inferred static response in the same wavelength range would be 0.27 and 0.39 photons/count. These correspond to differences of a factor of 5 to 10 between measurements and the static case. We note that such a level of disagreement is consistent with the factor of 6 difference in efficiency measured in reference 4 for an equivalent phosphor. These results highlight the advantages of our dynamic calibration technique which can account for the phosphor response at the picosecond timescale where such streak cameras are typically used.  Whilst it may be possible to lower calibration uncertainties by improving the photodiode calibration and improving measurements of the streak camera sensitive area, for the purposes of SOP, and in view of underlying physical systematic uncertainties not related to the camera calibration1, the accuracies we achieved are sufficient for temperature measurements of very hot bodies (plasmas).   
4. CONCLUSION
This paper reports on a novel methodology to calibrate the absolute photon response of S20 photocathode based streak cameras under full operating conditions and sweep speeds, and across a very broad bandwidth (425-625nm) by using a picosecond duration, laser-driven supercontinuum source of high stability. We measure peak sensitivity of up to 1 photon/count. The absolute dynamic sensitivity results are compared to absolute static values scaled using reasonable parameters. We find that the absolute static response is higher by up to an order of magnitude compared to the dynamic response. This is attributed to the reduced phosphor response when exposed to short duration pulsed sources.   
With our drive laser pulse, the doped-liquid cell source was well-suited for optical streak camera calibrations; however, the technique we describe should be readily extendable to other supercontinuum based sources and other fast optical detectors. 
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