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A miniaturized multipass cell for measurement of O 2 concentration in vials based on TDLAS
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Tunable diode laser absorption spectroscopy (TDLAS) is an effective method to inspect possible leakage during filling. However, the sensitivity of TDLAS is confined by the optical path length of the vial headspace. In this letter, the development of a miniaturized multipass cell (MMPC) for improving the sensitivity of laser spectrometer for detecting the O2 content in vial headspaces is presented. Based on analytical vector calculation, a few types of MMPC have been designed and their corresponding beam distributions are derived. The beam spots on the mirrors are compressed in a line-shape parallel with the vial, given the limitation of vial headspace. The simulated configuration with the minimum open path-length is then used for an experimental validating of the MMPC. The horizontal position of the vial has only little influence on the output laser power in the range of -0.5 -0.5 mm relative to the optimum one, which is acceptable for practical applications. Wavelength modulation spectroscopy of calibration-free TDLAS was employed to measure the O2 concentration. It is demonstrated that the signal-to-noise ratio improves by 6 times compared to single pass configuration. The R 2 of linear fitting the O2 concentration against signal amplitude could reach 0.998 in the range of 0%-21% O2. According to the Allan variance analysis, the minimum detection sensitivity of the system is estimated at 0.05% at 141 s.

Introduction

Vial is an important container for storing vaccines, powder injections, biological preparations, freeze-dried products etc [START_REF] Liu | Harmonic amplitude dispersion: When production intrinsic prior meets oxygen concentration detection of pharmaceutical glass vials[END_REF]. Good vial sealing is crucial not only for preserving the stable composition of headspace gas but also for the sterile maintenance of the product. However, container integrity is challenged by crimps, microscopic cracks, scratches in the glass, or stopper pop-up [START_REF] Duncan | Container closure integrity testing of finished sterile injectable product: As regulatory guidance has evolved, changes in ccit testing have also become apparent[END_REF]. Therefore, the requirements of container closure integrity impose high standards of maintaining sterility [START_REF]Determining a strategy for container closure integrity testing of sterile injectable products[END_REF]. There are several conventional methods for testing the vial closure, such as blue dye ingress, pressure rise measurement, residual gas analysis and high voltage leak inspection, but they cannot give quantitative measurements [START_REF] Vertucci | Apical leakage associated with retrofilling techniques: A dye study[J][END_REF][START_REF] Funk | Miniature radio-frequency mobility analyzer as a gas chromatographic detector for oxygencontaining volatile organic compounds, pheromones and other insect attractants[END_REF][START_REF] Amao | Probes and polymers for optical sensing of oxygen[END_REF][START_REF] Sivaramakrishna V A R | Pet bottles seal quality testing using an on-line pressure differential detector[END_REF][START_REF] Wang | Leakage detection of vial based on tunable diode laser absorption spectroscopy[END_REF]. Some methods like low temperature infrared spectroscopy [START_REF] Remmele | Real-time in situ monitoring of lysozyme during lyophilization using infrared spectroscopy: Dehydration stress in the presence of sucrose[END_REF], pulsed nuclear magnetic resonance [START_REF] Marques | Monitoring freeze-drying by low resolution pulse nmr: Determination of sublimation endpoint[END_REF] and X-ray diffractometry [START_REF] Cavatur | Characterization of phase transitions during freeze-drying by in situ x-ray powder diffractometry[END_REF] have been implemented for on-line and non-destructive testing. However, its cost is too high to be widely used.

Recently, laser spectroscopy has been applied to vial leakage determination due to its merits of high resolution and sensitivity, rapid and non-destructive characteristics. Cai et al. [START_REF] Cai | Sensor for headspace pressure and h2o concentration measurements in closed vials by tunable diode laser absorption spectroscopy[END_REF] employed tunable diode laser absorption spectroscopy (TDLAS) to determine the pressure and H2O vapor concentration of vial headspace. The duration of single vial measurement is about 300 ms but its accuracy is too low for discovering small leaks. LIGHTHOUSE company developed a series of products for analyzing pressure/H2O, O2 and CO2 of headspace using frequency modulation spectroscopy [13]. However, the duration of their measurement varies between 1 -5 s. Yang et al. [START_REF] Yang | Leakage detection of closed vials based on two-line water-vapor tdlas[END_REF] proposed to utilize H2O two-line TDLAS to derive the leakage coefficient of closed vials, the single detection time is 0.15 s, and the effective accumulation time is 6 s. Subsequently, Zhang et al. [START_REF] Zhang | Optimization of leakage detection system for vials based on twoline tunable diode laser absorption spectroscopy[END_REF] implemented O2 two-line TDLAS to accomplish the instantly screening of sealed containers, and the detection duration was about 1 s.

Currently, the O2 concentration at the headspace of containers is usually considered as a standard for leakage detection due to its nearly invariant concentration in the atmosphere [START_REF] Doyon | Canadian bag-in-box wine under distribution channel abuse: Material fatigue, flexing simulation and total closure/spout leakage investigation[END_REF]. Zhang et al. [START_REF] Zhang | Research on leak detection of vials based on tunable diode laser absorption spectroscopy technology[END_REF] developed a prototype of a residual O2 sensor based on wavelength modulated spectroscopy (WMS)-TDLAS, which could screen 300 vials/min with a detection limit of 2% O2. The challenge for a highly sensitive and accurate differentiation of vial leaks is the limitation of the effective optical-path length of TDLAS, because the inner diameter of vials is usually less than 30 mm. Furthermore, the ambient O2 concentration of 21% interferes the measurement as a background. Therefore, a straightforward method for improving the detection sensitivity is to enhance the effective optical-path length within the vial and reduce the influence of atmospheric O2.

In this letter, a miniaturized multipass cell (MMPC) was developed for enhancing the effective optical path within the vial. The criteria were proposed to satisfy for designing MMPC to be used for detecting the integrity of vial. The interference of ambient O2 was significantly reduced due to the compact construction. The beam pattern on the mirrors was calculated according to the analytical vector method. Several types of obtained MMPCs were extensively compared. The sensitivity with respect to the vial position was also investigated for testing the robustness of the MMPC within a production chain.

For validating the designed MMPC, the O2 concentration in the vial was measured by MMPC in combination with calibration-free TDLAS and the linearity between spectral amplitude and O2 concentration was derived by recording a series of standard O2 concentrations. According to the Allan variance, the minimum detection sensitivity of the system is estimated at 0.05% at 141 s. Furthermore, the MMPC could also be applied for detecting other species (such as CO2 and H2O) in a vial.

Principle

A multipass cell is generally described by ABCD matrix theory at the assumption of paraxial approximation. However, a deviation will be produced when the ray angle with respect to the optical axis is too large to be ignored. A multipass cell design for vial integrity test is shown in Fig. 1. Due to the large entrance angle, it should be analyzed based on our proposed analytical vector method rather than ray transfer matrix analysis [START_REF] Chang | Implementation of the toroidal absorption cell with multi-layer patterns by a single ring surface[END_REF]. Furthermore, the optical beam pattern on the mirror is restricted to paralleling the vertical axis of the vial based on the principal of basic geometrical optics. In comparison with other multipass cells, the beam deflection in horizontal plane caused by refractions of the cylinder vial will result in an unprecedented complication of describing the beam propagation by analytical method.

As depicted in Fig. 1, dn is the distance between the two adjacent points, Mn-1(xn-1, yn-1, zn-1) and Mn(xn, yn, zn). It can be expressed as follows:
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where, an , bn and cn are the components after n reflections in x, y and z axes, respectively. The surface equation of light spots on the mirror can be obtained according to
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R is the radius of the mirrors and r is the half distance between the two mirrors. In certain axis, the coordinates of spots on the mirror could be obtained via solving the combination of surface and line equation. Taking an example, the light spot coordinates on the y axis, and vice versa for the coordinates in x and z axis, can be determined as follows
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In reality, the glass thickness of the vial has to be considered in the calculation, because it is relevant to the propagation of the beam passing through it. A correction factor (g) is used to quantitively describe the light propagation through the vial. Herein, the influence of vial wall thickness (t) is accounted for in solving the spot position in z axis, because all light spots are linearly distributed along the z axis. When the g factor is taken into account, the corrected equation for zn′ is:
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where g and h are
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Here, yn can be obtained by Eq. ( 3), and n0 is the refractivity of the vial glass. R is the radius of curvature of the two mirrors; dn is the path length; ψ is the diameter of the vial; t is the thickness of the vial wall.

For deriving the position of light after n reflections, kxn, kyn and kzn are assumed as the normal components x, y and z axes of the curved surface, respectively. Their corresponding magnitudes (kxn, kyn and kzn) are as follows:

  2 2 2 2 2 ' ' 2 ; 2 ; ' n n xn n yn n zn n z R r R z k x k y k R z             (5) 
The components of an, bn, cn, kxn, kyn and kzn can be derived from n-1 reflections according to vector operations, as follows:
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Then, xn could be derived in combination with Eq. ( 2) and ( 4), as follows:
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The concentration of O2 (C) in vials can be expressed as: 
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Experimental

The following criteria should be satisfied for designing a MMPC to be used for detecting the in- The position of the spots relative to a deviation of the vial position in y-direction are crucial for design, so they should be examined. In Fig. 3(a) is exhibited the simulated spot distribution on the rear mirror when the vial position deviates by 0.3 mm in y axis direction. The shape and position of spots are slightly distorted due to the deflection. For further quantitative description of the influence of position variation, the relationship of the vial displacement and the laser output power is measured, as plotted in Fig. 3(b). It is obvious that the output power of the MMPC is invariant in the range of +/-2 mm in z axis direction. However, the displacement in the y-axis significantly affects the intensity of the exiting beam: a change of the vial in the horizontal position decreases the laser power less than 30% in the range of -0.5-0.5 mm deviating from the optimum position. Such change however is acceptable for practical applications, especially for the calibration-free TDLAS [START_REF] Guo | A portable laser-based sensor for detecting h2s in domestic natural gas[END_REF].

The experimental schematic for vial leak detection is shown in Fig. 4. A distributed feedback laser (DFB) is used as light source and emits around 760 nm. The laser beam is coupled into the MMPC containing a standard vial and the output is detected by a photodetector (Thorlabs, PDA30B2). A commercial driver (ILX Lightwave, LDC-3724C) controls the temperature and current of the laser diode.

The scanning sawtooth signal generated by a function generator and modulated sinusoidal wave from the Lock-in amplifier are superposed by an adder to achieve the wavelength modulation. The 2 nd harmonic signal is obtained by the Lock-in demodulation to accomplish the WMS-TDLAS. The outputs of both photodetector and Lock-in are registered by a NI-DAQ card (PCIe-6353) for calibration-free TDLAS and are analyzed by a personal computer. The insert in Fig. 4 is the photograph of the beam distribution on the front mirror. 

Measurement and results

The ambient temperature and pressure in the laboratory, located at Taiyuan University of Science and Technology (37.87° N, 112.49° E, 800 m) were 23℃ and 700 Torr, respectively. A modulation frequency of 1.5 kHz and a modulation amplitude of 82 mV were found to be the optimal modulation parameters. In Fig. 5 are shown the spectral lines observed at single pass (29.4 mm) and multipass (411.6 mm) absorption of 21% O2 with scanning the signal at 5 Hz. For comparison, two spectral lines are normalized. Compared with the single pass, the multipass configuration significantly improves the signal-to-noise ratio by about 6 times. Additionally, the background fluctuation for single path is obviously larger than that of the multipass configuration. Therefore, the MMPC is considerably better suitable for detecting vial leakage. The system was calibrated by mixing O2 with N2: a series of O2 concentrations in the vial from 0 -21% was produced using mass flow meter, and the results are shown in Fig. 6(a).

Inserts are WMS-2f and DC-sine signals, respectively. The intensity of the signal was recorded for 200 s for each concentration. Observed data were averaged and plotted in Fig. 6(b). For reducing the influence of output power variation, the O2 concentration (C) is determined by WMS-2f /DS-sine [19] . It can be given by C=(Peak(2f /DS-sine)-3.58)/0.28. The R 2 can reach 0.998 for the linear fitting. Since the detection system is an open optical path, the O2 in the background environment will also generate a signal, so there will be a 2f signal even when the O2 concentration in the vial is 0%.

An Allan variance analysis is performed for continuously measuring 4% O2 for 2000 s. As displayed in Fig. 7(a), the sensitivity of the system is 0.41% for an integration time of 1 s and can reach 0.05% for an integration time of 141 s. Moreover, the detection sensitivity can achieve 0.9% for a single period (0.2 s), which can satisfy the requirement of fast detection. The histogram is shown in Fig. 7 (b)

and Gaussian function is used for fitting, where the obtained R 2 and full width at half maximum are 0.995 and 1.8%, respectively. 

Conclusions

In summary, the MMPC for vial leakage detection was designed and calculated based on analytical vector calculation. The beam spots on the concave mirrors are compressed in a line-shape paralleling the vial and the beam could achieve 13 reflections. Parameters k and Δh are discussed in detail for different cases. Additionally, the influence of the vial position relative to the laser beam is simulated and measured. The intensity of the laser beam can decrease by less than 30% with a vial position deviating by 0.5 mm from the optimum position. Therefore, it illustrates the robustness of the MMPC for detecting vial leaks. Calibration-free TDLAS was employed to measure the O2 concentration for determining the vial leakage. It demonstrates that the signal to noise ratio has been improved about 6 times in comparison with the single pass absorption. The R 2 of linear fitting the O2 concentration and signal amplitude could reach 0.998 in the range of 0%-21%. According to the Allan variance analysis, the minimum detection of the system was estimated at 0.05% at 141 s.

The letter addresses the originality of a MMPC for enhancing the effective optical path within the vial. Herein, TDLAS for O2 measurement was used only for a demo, and the MMPC could be used for detection of other gas or liquid samples in vial. 

Fig. 1 .

 1 Fig. 1. (a) Side view of optical path propagation. (b) Schematic diagram of the light path distribution through the vial; r is half the distance between the two mirrors; h is the vertical distance from the incident point to the x-axis;

  between open path-length Lo (optical path exposed to air) and effective path-length Le (optical path through the vial), Cair is the O2 concentration in the air, and b is the fitting parameter related to Le. The value of Cair is affected by the measuring environment. To reduce the influence, Lo should be reduced as much as possible in the optical design or the gap between vial and cavity mirror should be purged with N2.

tegrity of the vial. 1 .

 1 The vial is transparent to the probing light beam. 2. Its position should be reproducible and overlapping with the z axis of the multipass cell. 3. The ratio k is as small as possible. 4. A compact beam spot pattern in z axis guarantees the beam passes through the headspace of the vial to avoid blockage of the beam by the liquid or powder content. 5. A maximum number of reflections should be accomplished by avoiding beam spot superposition. 6. Whether the beam passes through the vial or not, the spot pattern and position should change little for easy inspection.

Fig. 2 .

 2 Fig. 2. Several designed MMPC for detecting vial leak using different parameters.

Fig. 3 .,

 3 Fig. 3. (a)Simulation of spot distribution when the position deviates from the optimum by 0.3 mm; (b) The relationship between vial position deviation and output power from exit.Based on the vector operation method, an 18 mL vial is taken as example. Its diameter and glass thickness are 26.4 mm and 1.2 mm, respectively. Four configurations of MMPC are derived according to the above criteria, as shown in Fig.2. In Fig.2(a), the mirror curvature is 400 mm and the distance of entrance hole and center of mirror (γ) is 7 mm. For achieving 13 reflections, the distance between two mirrors (2r) is 40.4 mm. The distance that the light travels through the vial along the z axis is defined as Δh to quantitively describe criterion (4). Herein

Fig. 4 .

 4 Fig. 4. Schematic diagram of the O2 leak detection system in the vial. Insert is the photograph of the beam pattern on the front mirror.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Normalized O2 signals of single-pass and multi-pass observed by WMS-2f -TDLAS

Fig. 7 .

 7 Fig. 7. (a) Row data of individual concentration measurements over 2000 s (top) and Allan variance as a function of integration time (bottom); (b) Histogram of O2 concentrations distribution. The red line is a Gaussian profile fitting.
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