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To comprehensively analyze the jitter error in large-aperture optical telescopes, this paper introduces normalized point source sensitivity (PSSn) to evaluate the telescope system. First, the concept and basic properties of PSSn were introduced, and then the jitter error under expected random loads and the contribution percentage of each mode to the total jitter were analyzed through a model. The PSSn of the system under the influence of different error sources was studied, and its variation trend was estimated. A comparison of evaluation methods, such as the Strehl ratio, and the proposed method reflects the characteristics of more accurate data and a more concise calculation. The jitter error evaluation method proposed in this article, combined with PSSn, provides practical and beneficial guidance for the design and detection of large-aperture optical telescope systems.
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1 INTRODUCTION
In order to conduct more in-depth and detailed exploration of the universe, telescope technology, as one of the main exploration methods, is increasingly being valued by scientists from various countries. Furthermore, with the ongoing improvement of performance requirements for target observation, the scale of large-aperture optical telescopes is also increasing. In order to achieve better optical imaging quality, the requirements for system jitter errors are becoming increasingly strict. The system contains numerous error sources, such as mechanical vibration, noise, and external environmental interference, which have different frequency domain characteristics and more complex statistical correlations. Jitter not only affects the stability of the system structure but also leads to a decrease in the quality of the imaging system. In this context, traditional analysis methods such as root mean square have become difficult to adapt to the system error analysis of large-aperture optical telescopes.
The spot diagram represents the imaging of multiple light rays from a single point source after passing through an optical system. Due to the presence of aberrations in the optical system, the imaged image no longer converges to a single point but presents a dispersed form. In many cases, it cannot accurately evaluate image quality, so it cannot reflect the actual situation. The resolution method refers to the minimum distance that can distinguish two object points or images, reflecting the ability of optical systems to distinguish object details. Like the spot diagram method, it is mainly applicable to small aberration systems. Rayleigh judgment is based on the principle that the maximum wave aberration between the actual wavefront and the reference spherical wave does not exceed λ/4 to judge whether the image quality is perfect. However, in some cases, the Rayleigh judgment may not be comprehensive enough, as it only considers the maximum value of wavefront aberration and does not fully consider the proportion of defects on the wavefront in the entire wavefront.
The Strehl ratio, also known as center illuminance, represents the ratio of energy concentration of the point spread function (PSF) of the actual telescope to the point spread function at the diffraction limit of the telescope. This ratio can better reflect the optical performance of telescopes and systems processed by adaptive optics. Usually represented by SD, according to Strehl judgment, when SD ≥ 0.8, the optical system can be considered complete. However, its computational complexity is high and is often used to evaluate the imaging quality of small aberration optical systems; therefore, it is rarely used in practical applications. For systems far from the diffraction limit, the applicability of the Strehl ratio significantly decreases. More importantly, as the influence of atmospheric visibility on the performance of optical systems continues to increase, the Stellite ratio is no longer suitable as an evaluation indicator. In this case, the central intensity ratio (CIR) is widely adopted. Whether it is used to describe small aberrations in the Strehl ratio or CIR used in atmospheric visibility-dominated situations, they only consider the central frequency domain characteristics of the point spread function. If there is an evaluation index that comprehensively considers the characteristics of energy distribution throughout the frequency domain, it will better evaluate the imaging quality of the system (Barr et al., 1990; Miyashita et al., 2003; Angeli et al., 2011).
The 30-m telescope (TMT) is an international collaborative project, with both the primary and secondary mirrors designed with double-curved surfaces, while the three-mirror system reflects light from the secondary mirror onto instruments used for scientific observation. Initiated by the United States, Canada, Japan, China, and India, it is currently one of the largest optical telescopes under construction. In this context, the US 30-m telescope team proposed using PSSn as the standard for error allocation in large-aperture telescopes. This article will study the jitter error evaluation method for large-aperture optical telescopes based on PSSn (Pazder et al., 2008; Vogiatzis and Angeli, 2008; Seo et al., 2009a).
2 PSSN AND PERTURBATION CALCULATION
PSSn is the average of telescope errors in the background, fully utilizing the optical energy of the point spread function region, and, therefore, can comprehensively evaluate the imaging quality of the system (Cho et al., 2008). The basic definition is
[image: image]
Here, [image: image] are the point spread function and optical transfer function of the actual telescope in the atmosphere, while [image: image] and [image: image] are the point spread function and optical transfer function of the ideal telescope in the atmosphere, respectively. The subscripts t, a, and e represent the values due to telescope aperture, atmospheric, and telescope errors, respectively.
In order to utilize the synthetic properties of PSSn and simplify the expression, where f is the vector of the spatial frequency of the optical transfer function (OTF) (Sobek, 2005; Seo et al., 2009b),
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Use a symbol and a known operation expression to represent another operation, for simplicity, Sets the form of the operation, rather than defining the operator:
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PSF is represented in the matrix form using Zemax ray tracing software, and the following formula is derived and applied:
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Here, [image: image] is the area of the rectangle in the mth row and nth column, and the ratio of the ideal and actual values is calculated (Chen and Hu, 2016). Due to the fact that OTF is the Fourier transform of PSF and the modulation transfer function (MTF) is the modulus of OTF, strict sampling of the data is required, and Fourier interpolation can be used to calculate the midpoint of the data. In practice, it is necessary to interpolate the regions that are meaningful for PSSn in the convolution between the reflector and the atmosphere, as Fourier interpolation is slower and MTF is windowed by the atmosphere. By calculating the denominator of PSSn, values with insignificant MTF errors can be found. Assuming a perfect MTF of 1, which is equivalent to an infinite aperture, then
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Here, [image: image], [image: image] are the optical modulation functions of telescope error, atmosphere, and ideal value, respectively (An et al., 2016).
Finite element programs usually first calculate the natural frequency and mode shape. Modal analysis methods are then used to calculate the frequency response function (FRF). The forcing function and frequency response are input through power spectral density (PSD), allowing for the calculation of the PSD response function. Finally, the RMS response generated under the PSD response function is integrated. In modal response, by setting the expected PSD and subsequent integration analysis, PSD of the field-of-view response and the pointing error of each optical device can be obtained (YANGX et al., 2013). RMS of any response is the square root of the area under the PSD response function. The formulas are provided in Equations 7, 8. The transformation of the system’s principal coordinates is completed based on the above characteristics. 
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Here, [image: image] is the PSD response function of the optical system’s visual axis, [image: image] is the frequency response function, [image: image] is the PSD response function of the input, [image: image] is the standard deviation in a normal distribution, [image: image] is the root mean square value of the random response, and [image: image] is the square root of the surrounding area of the response function.
Multiplying the PSD response by the weighting function W, the line-of-sight error caused by jitter is divided into a drift term and a jitter term. Due to the significant impact of the jitter term on MTF compared to the drift term, the RMS value of the jitter term is mainly analyzed using the following equation:
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Here, W is used to divide the response, T is the sensor integration time, f is the response frequency, [image: image] is the root mean square value of the jitter term, [image: image] is the jitter weighting function related to the frequency, and [image: image] is the PSD response to the line-of-sight error. The physical meaning of integrating the response power spectral density is to analyze the root mean square values of the system in different frequency bands.
MTF under jitter influence based on the RMS value is calculated as follows:
[image: image]
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Here, [image: image] is MTF under the influence of jitter, [image: image] is the initial optical system MTF, and [image: image] is the MTF influencing factor.
By modeling and setting disturbance factors, MTF and PSSn can be linked for disturbance calculation, as shown in Figure 1. The jitter curve is used to analyze and evaluate the impact factors.
[image: Figure 1]FIGURE 1 | Curve plot of the jitter impact factor.
By establishing the relationship between PSSn and MTF, perturbation factors and MTF are combined to make them interrelated. Subsequently, in the follow-up integration of optical–mechanical systems and the application of the large mass method, the recent research methods are extended to the field of jitter error evaluation and analysis so as to effectively meet the challenge of the detection and evaluation of jitter errors in large-aperture telescopes. In Figure 1, three curves are presented, namely, the MTF curve of the initial optical system, the MTF curve of the influence factor, and the MTF curve under the influence of jitter. For the modulation transfer function, which is affected by the jitter factor under the set power spectral density, the PSSn analysis method is applied to the optical integrated structure model; combined with the mode contribution ratio and the mode information in the frequency domain, it can help optimize the design of the system.
3 MODELING ANALYSIS
To address the degradation of imaging quality caused by jitter errors in optical telescope systems, an optical model and finite element system structure were established to unify their coordinate systems (McBride et al., 2016; Du et al., 2020). The frequency response function and root mean square were obtained using modal and power spectral density, and the effect of jitter was converted into a modulation transfer function through optical–mechanical integration. Then, the point source sensitivity function was used to analyze and evaluate the optical–mechanical system under the influence of jitter effects.
3.1 Optical–mechanical system
The opto-mechanical structure model of the primary and secondary mirrors is established, and the PSD input curve is set, as shown in Figure 2 and Figure 3, respectively.
[image: Figure 2]FIGURE 2 | Optical–mechanical structure model.
[image: Figure 3]FIGURE 3 | PSD input curve.
3.2 Modal and sweep analysis
In modal response, PSD of the field-of-view response and the pointing error of each optical device can be calculated by setting the PSD input forcing function and the frequency response function of the field-of-view response. RMS of any response is the square root of the area under the PSD response function. Based on the above characteristics, the transformation of the system’s principal coordinates can be completed, which is derived from the calculation of natural frequencies and vibration modes (Lee et al., 2012; Liu et al., 2021).
Modal analysis is one of the main methods for studying the dynamic characteristics of structures. Finite element modal analysis can be used to calibrate modes, improve model accuracy, and solve the natural frequencies and modes of the model, essentially solving eigenvalues and eigenvectors. View slicing is enabled, and the first six characteristic frequencies and corresponding vibration modes of the system are shown in Figure 4. Relevant data as shown in Table 1.
[image: Figure 4]FIGURE 4 | Sixth-order vibration diagram of the system.
TABLE 1 | Results of the first six modal analyses of the system.
[image: Table 1]In order to conduct frequency sweep analysis under acceleration excitation, the large mass method is generally used, where the mass used is 106 times the model mass. The purpose is to determine the response of the structure under a simple harmonic load of a known frequency in order to find its resonant frequency and avoid structural damage due to resonance. The sweep frequency range is set from 2 to 1,202 Hz, with a step size of 5 and a frequency of 240, as shown in Figure 5. Different nodes in the structure are selected to draw a cloud chart. From the chart, it is found that under the same working conditions, the response of each node is slightly different, but the overall trend is roughly similar. The sweep frequency peaks are concentrated at 490 Hz and 687 Hz, which are close to the second- and fourth-order characteristic frequencies, respectively.
[image: Figure 5]FIGURE 5 | Sweep frequency analysis curve.
3.3 Integrated analysis
Based on the primary and secondary mirror and focal plane coordinate systems, the optical analysis model is connected in random response through polynomial fitting to obtain a linear optical model. The sensitivity coefficients of the optical response of each optical surface are used to establish equations for forced response analysis to obtain the dynamic response of optical performance (ZHAI et al., 2023). By applying the acceleration dynamic load and specifying nominal MTF through the interference module and disturbance range, a macro-file containing the system surface error generated using SigFit is imported into the optical analysis based on the given forced frequency, random load, damping coefficient, and detector integration time. The jitter error is calculated using the ray tracing algorithm, and the subsequent results can be used to modify and optimize the model structure. The specific process is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of jitter error analysis of large-aperture optical telescopes.
By integrating optical and mechanical models through SigFit, images of jitter MTF are obtained, the interference area of the telescope is determined, and subsequent design optimization is carried out to minimize the impact of jitter. At the same time, the point source sensitivity system is used to evaluate jitter errors.
The basic principle is to calculate the natural frequency and mode shape of the telescope using finite element and optical performance analysis tools and then decompose each optical surface of each mode into average rigid body motion and elastic deformation. The report provides the percentage contribution of each mode shape to the total field-of-view jitter, which helps accurately locate the area of the telescope structure for redesign. For the integration time of detector sensing, random errors are decomposed into drift and jitter components and converted into jitter MTF response functions. This function can generate optical system MTF in a random environment, providing data support for the application of PSSn. Figure 7 shows the relationship between various variable factors and PSSn. It can be seen that the damping coefficient is directly proportional to PSSn, as it is a random vibration. As the damping coefficient increases, the amplitude of structural vibration decreases, which means it tends to stabilize, and the factors affected by vibration decrease. When the integration time of the detector is not 0, the overall impact on PSSn tends to stabilize as the integration time increases. When only considering the load factor, the higher the load factor, the greater the system’s bearing capacity and the greater the impact of vibration. In the forced frequency analysis, the starting frequency is 400 Hz, and as the ending frequency increases, PSSn gradually decreases. After 800 Hz, the change is not significant, and the two changes that are more obvious are related to the above swept-frequency peak.
[image: Figure 7]FIGURE 7 | Relationship between various variable factors and PSSn. (A) Damping coefficient with PSSn. (B) Integral time with PSSn. (C) Load multiple with PSSn. (D) Forced frequency with PSSn.
SigFit is used to calculate the jitter component of the random response, as shown in Figure 8, where LI/LO represents the image space and object space, TX/TY represents the axial displacement of the X/Y-axis, LI-TV/LO-TV represents the linear displacement vector sum (mm) of the image space and object space on the XY plane, RX/RY represents the rotation around the X/Y-axis, and LI-RV/LO-RV represents the vector sum of the rotation between the image space and object space (rad), respectively. RB-TX/RB-TY/RB-TZ represents X/Y eccentricity and Z offset and RB-RX/RB-RY/RB-RZ represents X/Y/Z tilt, respectively. d-RoC represents the surface offset, and S-RMS represents the surface accuracy error. The first mode is essentially a free mode, where the key modes of the jitter component and the contribution percentage of each surface error in the system are concentrated in the second and fourth orders. Correspondingly, the peak frequencies of the above frequency sweep analysis indicate that the second and fourth orders are the main causes of errors. Taking the object space angular displacement LO-RV as an example, the contribution percentages of the second and fourth orders to LO-RV are 80.529% and 18.496%, respectively, while the contributions of other order modes are relatively small.
[image: Figure 8]FIGURE 8 | Modal contribution ratio. (A) Jitter contribution ratio. (B) Surface 1 contribution ratio. (C) Surface 2 contribution ratio. (D) Surface 3 contribution ratio. (E) Surface 4 contribution ratio. (F) Surface 5 contribution ratio.
By obtaining the modal contribution ratio of each frequency order, the maximum value can be found and its vibration mode can be studied. Combined with the optical sensitivity coefficient, the optical element that is most affected by jitter can be obtained. Subsequently, its sensitivity characteristics can be used for optical and mechanical optimization or the pasting of monitoring sensors at corresponding positions.
Table 2 shows the data comparison between the Strehl ratio factor and PSSn under the control variables of various influencing factors. The calculation method of the Strehl ratio factor is the area under the MTF-Net curve divided by the area under the MTF-Nominal curve. It is used to multiply the nominal Strehl ratio of an unperturbed system and provides a single measure of system performance that can be applied to optimization techniques. When the sensor integration time is 0.03 s, that is, the serial number 8, the Strehl ratio factor is calculated to be 9.9555E-01, and jitter decreases with the decrease in detector integration time. In the case of 0.01 s, sequence number 1 increases the resulting Strehl ratio factor to 9.9556E-01. Alternatively, if the integration time is infinite, then all frequencies will cause jitter. Although the changing trend of the two datasets in the ten groups is the same under various influencing factors, the advantage of PSSn is that it makes full use of the optical energy in the point diffusion function region. The difference in the error margin between the two in serial number 9 is even 2%, and the PSSn is closer to 1 under the same conditions. Therefore, the data are more accurate and can be used to comprehensively evaluate the imaging quality of the system. Moreover, the processing and calculation processes are not as complicated as those for the Strehl ratio. Subsequently, the system structure design can be improved according to the modal contribution ratio and the relationship between various variables and PSSn, and the overall performance of the system can be improved. Other evaluation methods, such as spot diagrams, resolution, and the Rayleigh criterion, have their own shortcomings compared with PSSn. For small-caliber components, RMS and PSSn analysis and evaluation are usually combined, which can accumulate the application experience of the PSSn evaluation method in practical engineering. However, in the application of large-aperture optical telescope systems, the use of RMS makes it difficult to fully reflect the influence of each error source on the performance of the integrated system. In view of the comprehensiveness of the PSSn evaluation method, if the error of different frequency band distributions is reasonably considered, the error limit range can be moderately increased. It can effectively reduce the overestimation in error analysis, and considering the error in different frequency bands conforms to both scientific and economic principles.
TABLE 2 | Comparison between the Strehl ratio factor and PSSn under control variables of influencing factors.
[image: Table 2]4 CONCLUSION
In this paper, the jitter error under a certain working condition is determined, and the proportion of influence of each order of frequency on jitter and the maximum contribution value is obtained. By introducing PSSn to evaluate the jitter error of a large-aperture telescope, the influence of jitter introduction is converted into a modulation transfer function, and the deformation results can be co-analyzed with the system, considering the overall and internal structural changes, efficiently and accurately reflecting the overall system performance. At the same time, the optical model and finite element analysis are used to link jitter with the optical performance analysis index. This approach helps understand the modes that have a greater impact on optical imaging under different working conditions, provides a reference for the design, helps in accurately predicting the working state of the optical telescope under the jitter environment, quantifies the system structure, and effectively improves the cost performance of the optical machine system. It is used to guide the structural design of large-aperture optical telescopes.
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