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Abstract

:

The temperature of the alkali metal cell, which affects the density of the alkali-metal vapor and the gas pressure, is usually difficult to measure directly. However, the temperature of the alkali-metal cell and the density of the alkali-metal vapor are important parameters that affect the performance of the atomic sensor. In this paper, a device that can directly measure the internal temperature of an alkali metal cell in real time is designed for the first time to explore the relationship between alkali-metal vapor density and temperature. Alkali-metal vapor density is measured using the absorption spectrum. The pressure broadening model, combined with the transition of four hyperfine levels, was used to fit the absorption line of 87Rb D1 under the action of 700 Torr N2, and a good fitting effect was obtained. The experimental results show that the density of 87Rb is less than the value calculated by the empirical formula. Based on the experimental results, we give the calculation formula of 87Rb density with an uncertainty of only 4% and obtain the temperature dependence index of the line width and linear displacement of 87Rb in N2 by analyzing the absorption spectrum.
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1. Introduction


The alkali-metal vapor density in the cell is of great significance for the study of atomic sensors, such as atomic magnetometers and atomic gyroscopes. In atomic magnetometers, the alkali metal cell contains alkali metal (one or more of K, Rb, and CS) and gas (one or more of helium, nitrogen, and inert gas) [1,2,3]. The parameters related to the sensitivity of the magnetometer, such as optical depth, atomic polarization, atomic relaxation rate, etc., are affected by the alkali metal vapor density. The alkali vapor density also has an important effect on the performance of the atomic gyroscopes. Noble-gas atoms with nonzero nuclear spin, such as 3He, 21Ne, 83Kr, 129Xe, and so on, collide with spin-polarized atoms of alkali metal via spin-exchange optical pumping to acquire polarization [4]. Due to the relatively long spin-lattice time, spin-polarized nuclei offer excellent performance in terms of stability and sensitivity, so they are widely used in precision measurement [5]. Recently, efficiently yielding large quantities of spin-polarized nuclei has become a compelling field of research [6,7,8]. In the case of noble-gas nuclei, the alkali vapor density affecting the spin-exchange rate limits the achievable level and the rate of hyperpolarization.



By referring to T. J. Killian’s research on the saturated vapor pressure of alkali metal, the number density of alkali-metal vapor can be acquired from the ideal gas law [9]. Based on this finding, Alcock et al. [10] supplemented the saturated vapor pressure formula of alkali-metal vapor. Afterward, the formula has been widely used to calculate the pressure and density of alkali-metal vapor [8,11,12,13,14]. However, with respect to the situation of alkali-metal vapor inside a sealed glass cell, the observed vapor density deviates from the empirical formula by as much as a factor of two [15]. There are some hypotheses to explain it, but the reason is still incompletely understood [16,17,18,19]. Due to the fact that the alkali metal is encapsulated inside the cell, the temperature inside the cell is hard to detect directly. Conventionally, a temperature sensor is attached to the surface of the cell [20,21,22]. There is a potential temperature difference between the inside and outside of the cell, which could be one source of error [23].



The motivation behind this paper is to avoid the error rooted in the temperature difference between the inside and outside of the cell, thereby offering a foundation for determining the actual alkali vapor density accurately by comparing the saturated-vapor-density curves. First, a collision-broadening line shape has been employed to evaluate rubidium-87 vapor density (see details in Section 2). Then, we designed a temperature measurement device by sealing an RTD inside the cell, which provides the feasibility for measuring internal temperature. The relevant spectral absorption equipment fitting the above device has been set up (see details in Section 3). The corresponding experimental results are discussed in Section 4.




2. Basic Principles


2.1. Relationship between Alkali-Metal Vapor Density and Temperature


The empirical formula of the vapor pressure for the alkali metal recommended by Alcock et al. [10] is as follows:


  log  p  a t m   = A +  B T  ,  



(1)




where T is the temperature of the alkali vapor in units of K,    p  a t m     is the saturated vapor pressure of the alkali metal vapor in units of atm, and A and B are the parameters that depend on the type and phase of the alkali metals. For liquid Rb, A is 4.312, and B is −4040 [10].



According to the ideal gas law, the relationship between the vapor density and the vapor pressure of alkali metals can be expressed as:


   p  P a   = N  k B  T ,  



(2)




where    p  P a     is the saturated vapor pressure of the alkali metal vapor in units of Pa, N is the number density of alkali metals in units of m−3, and    k B    is the Boltzmann constant.



When we convert the unit of pressure in Equations (1) and (2) to Torr, the result is as follows:


  log  p  T o r r   = 2.881 + A +  B T  ,  



(3)






   p  T o r r   =   N  k B  T   133.323   .  



(4)







According to Equations (3) and (4), the number density of alkali metals can be calculated by:


  N =  1 T    10   32.178 − 4040 / T   .  



(5)







Figure 1 clearly shows the relationship between the Rb saturated vapor pressure and temperature, and the relationship between the Rb number density and temperature.




2.2. Spectral Absorption Theory


When a parallel laser beam near the alkali metal D-line vertically passes through the alkali metal vapor cell, the intensity of the transmitted laser beam will be attenuated:    I  out   =  I  i n   exp [ − N σ ( ν ) l ]  . In the case of high buffer-gas pressure, the absorption cross-section can be approximated by the Lorentzian profile,   σ ( ν ) = π  r e  c f ⋅ L ( ν )  .



Since Walkup et al. [24] found that in the near wings, asymmetry occurs because the used linear relationship is not suitable for the impact approximation, the Lorentzian profile thus needs to be modified as:


  F ( ν ) =  Γ  2 π     1 + 0.6642 × 2 π  T d  Δ   [  Δ 2  +   ( Γ / 2 )  2  ]   ,  



(6)




where    T d    is the collision duration.



Since the D1 line of 87Rb consists of four transitions, as shown in Figure 2, the absorption cross-section becomes:


  σ ( ν ) =   ∑   F g  →  F e       A   F g  →  F e      σ ( ν −  ν   F g  →  F e    ) .  



(7)




where    A   F g  →  F e      is shown in Table 1.



According to Equations (6) and (7), the ratio of the transmitted beam intensity and the incident beam intensity can be obtained by:


  − ln    I  o u t      I  i n     = N π  r e  c f l   ∑   F g  →  F e       A   F g  →  F e       Γ  2 π     1 + 0.6642 × 2 π  T d   Δ ’    [  Δ ’    2  +   ( Γ / 2 )  2  ]   ,  



(8)




where    Δ ’  = ν −  ν   F g  →  F e    − δ  .



The density of alkali metals can be obtained according to Equation (12).





3. Device Design and Experimental Setup


3.1. Device Design


In order to realize the direct and effective measurement of the internal temperature of the cell, the design method of this paper is to seal the platinum temperature sensor (PT1000) into the glass cell and design the cell as a double stem. The schematic of the temperature-measuring device design is shown in Figure 3.



Stem 1 is connected to the top surface of the cell as a path for situating the platinum temperature sensor in the cell, while Stem 2 is connected to the bottom surface of the cell. It should be noted that the through-holes between Stem 2 and the bottom wall are not completely open. There are only two through-holes, with a diameter of 1 mm and a spacing of 2 mm, which are used to position the two pins of the platinum temperature sensor. The two through-holes are designed to prevent the short circuit that would be caused by the contact of the platinum temperature sensor pins.



The platinum temperature sensor, which measures the outer wall temperature of the cell, can be pasted onto the glass wall using a thermal conductive adhesive. Source-measure units can collect the voltage signal generated by the platinum temperature sensor, which is processed by the data analysis system to obtain the temperature value.



This section has been divided using subheadings. It should provide a concise and precise description of the experimental results and their interpretation, as well as the experimental conclusions that can be drawn.




3.2. Device Fabrication


The cell designed in Section 3.1 is shown in Figure 4a. The material of the cell is made of Pyrex, the side length of the cube cell is 15 mm, the wall thickness is 1 mm, and the inner diameter of the stem is 4 mm. After the platinum temperature sensor is encapsulated in the cell, we connect stem1 to the inflation pipeline, and charge the cell with 87Rb and 700 torr N2 at room temperature (25 °C). The filled cell is shown in Figure 4b.



During the manufacturing process, it should be noted that when we tried to seal the two pins of the platinum temperature sensor with the Pyrex stem, it was found that the vacuum degree of the seal was not good enough (leak detector > 1 × 10−8 Pa·m3/s). The reason for this phenomenon is that the thermal expansion coefficients of Pyrex glass and the platinum temperature sensor pins are different. The thermal expansion coefficients of Pyrex glass, Dumet, Kovar alloy, and platinum are 3.3 × 10−6 K−1, 8 × 10−6 K−1, 5 × 10−6 K−1, and 9 × 10−6 K−1, respectively.



We tried Dumet wire, Kovar alloy, and platinum wire successively; the results show that there is a gap between the sealed Pyrex glass and the three metal pins, which can be clearly observed through an electronic magnifying glass, as shown in Figure 5.



In order to solve this problem and consider the production cost, we chose an epoxy resin adhesive to seal the gap. The epoxy resin adhesive has the advantages of good insulation, high sealing performance, and high temperature resistance. After being sealed with epoxy resin adhesive, the cell could meet the requirements of sealing vacuum degree at room temperature and high temperature (60 °C~200 °C) (leak detector < 1 × 10−10 Pa·m3/s).




3.3. Experimental Setup


The experimental setup is shown in Figure 6, in which the cell created in Section 3.2 is placed in an electric wire oven and then heated by thermal radiation. The probe laser is a distributed-feedback (DFB) laser with a center wavelength of 795 nm. The wavelength of the probe beam is measured in real time, using a wavelength meter (Highfinesse WS7, Germany). In the experiment, the combination of a half-wave plate and a polarization beam splitter (PBS) is used to adjust the light intensity of the beam, to ensure the linear polarization of the beam. A non-polarizing cube beam splitter (NPBS) is used to divide the linearly polarized beam into two beams with equal light intensity, one of which is received by the photodetector 1 and the other enters the oven. The probe beam can enter the cell through the optical aperture on the wall of the oven and enter from the center of the cell. At the same time, it is necessary to avoid platinum resistance to prevent it from blocking the detection light. Since the light intensity used to measure the density of 87Rb is weak (< 1 uw), the measurement system needs to use an optical chopper (Thorlabs mc2000b, photo mc2f330, America) to modulate the probe beam; the modulation frequency here is 350 Hz. After that, the output signal of the photodetector is demodulated by the lock in the amplifier. Finally, the output signal of the temperature sensor is collected by the host computer and demodulated by the phase-locked amplifier.





4. Results and Discussion


The three PT1000 are used to measure the internal temperature of the cell, the external wall temperature of the cell, and the air temperature in the oven, respectively, as shown in Figure 6. The temperature measurement results are shown in Figure 7, in which the early oscillation is caused by the temperature control of the oven itself (this part is not included in the current paper as a key analysis content). The experiment showed that when the temperature difference between the outer wall of the cell and the inner wall of the cell tends to be stable, the average temperature difference is 0.39 K, and the standard deviation is 0.04 K. After the internal temperature of the cell has become stable, the fluctuation range of the internal temperature of the cell is within ± 0.1 K. Since there is a temperature difference between the inner and outer walls of the measured cell, the temperature used in the spectral absorption experiment is the temperature value fed back by the PT1000 inside the cell.



The experiment was carried out at ten different temperatures, in which the cell was in the absorption spectrum near the 87Rb D1 line. During the measurement process, the light intensity of the detection laser needs to be continuously reduced until the line shapes no longer change. The experimental results in the wavelength range of 794.925 nm~795.075 nm are shown in Figure 8, where the abscissa is the frequency of the detection beam offset D1 line. It can be seen that the height of the spectral line increases visibly with the increase in temperature.



The line shape of the alkali metal absorption spectrum has been described in Section 2.2. For fitting the data, Equation (8) can be rewritten as:


  − ln    I  o u t      I  i n     = a ⋅   ∑   F g  →  F e       A   F g  →  F e        1 + b ⋅  Δ ’    [  Δ ’    2  +   ( Γ / 2 )  2  ]   ,  



(9)




where the relationship between the constant, a, and the density of the alkali metals, N, is shown below:


  a = N  r e  c f l Γ / 2 .  



(10)







By fitting the experimental results in Figure 7 with Equation (9), the fitting coefficient, a, and the line width (FWHM) for calculating the 87Rb density can be obtained. Figure 9 shows the experimental data, measured at 368.8 K, and the fitting results.



By substituting the fitting coefficient, a, and line width (FWHM) under different temperatures into Equation (10), the density of 87Rb at the corresponding temperature can be obtained. The comparison between the 87Rb density, as measured by the absorption spectrum, and the 87Rb density (Equation (5)) derived from the empirical formula, Equation (1), for the saturated vapor pressure is shown in Figure 6. It can be seen that the growth trend of the absorption spectrum’s experimental results is consistent with the empirical formula of saturated vapor pressure, but the experimental results are smaller than the calculation results of Equation (5).



In this study, the internal temperature measurement device of the cell is designed and manufactured to reduce the error caused by the inaccuracy of temperature measurement. After excluding the influence of temperature, the cells used in the previous experiments, where the measured density is lower than the empirical formula of saturated vapor pressure, are all made from Pyrex, so the low density of 87Rb measured in the experiment may be due to the penetration of alkali metal and Pyrex glass and other polluting reactions during the process of filling the cells.



If the measurement results in this paper are used to fit the empirical density formula (context logic) specific to the Pyrex glass cell, and if it is assumed that the density formula of 87Rb vapor suitable for the Pyrex glass cell is only different from the empirical formula of saturated vapor pressure by coefficients a and B, then the density formula obtained by fitting the experimental data is:


  N =  1 T    10   31.992 − 3991 / T   .  



(11)







The fitting results are shown in Figure 10, and the uncertainty of fitting is only 4%.



In addition to the measurement of the density of 87Rb, the dependence of pressure spreading and the frequency shift of spectral lines on temperature are also studied with this experimental system. When the applied potentials of the upper and lower levels of the emitting atom are approximated by a simple inverse law, the temperature variations in the line widths of the pressure-broadened spectral lines can be represented by a power–law relationship [25]:


  γ = C ⋅  T n  ,  



(12)




where  γ  is the pressure broadening coefficient, and C and n are the parameters.



Figure 11 and Figure 12 show the fitting results of the relationship between the measured line widths, as well as the frequency shifts and the temperature, in which the fitting formulas that are used are as follows:


     Γ   T 1       Γ   T 2      =        T 1     T 2       n  + α ,  



(13)






     δ   T 1       δ   T 2      =        T 1     T 2         n ’    + β ,  



(14)




where T2 = 368.8 K. The coefficients from the fits are presented in Table 2. The parameters  α  and  β  are generally consistent with 0, which conforms to Equation (12).




5. Conclusions


In this paper, a device is presented that can directly measure the internal temperature of an alkali metal cell and that has been designed for the first time. The designed device can ensure that the vacuum degree reaches 5.6 × 10−11 Pa·m3/s of tightness and the temperature sensor does not react with alkali metal, which can ensure the reliability of measurement. Due to the advantages of a simple production method, low cost, and high reliability, the designed device can be used to measure the internal temperature of various types of cells, to help evaluate the performance of the heating system.



The absorption spectrum line of 87Rb D1 with 700torr N2 was measured and the absorption spectrum line was fitted by combining the pressure-broadening model with the transition process of four hyperfine levels so that a good fitting effect was obtained.



The 87Rb vapor density at different temperatures in the Pyrex cell was measured using the designed device. The relationship between 87Rb vapor density and temperature was analyzed, and the corresponding calculation formula with an uncertainty of only 4% is given. At the same time, the temperature dependence index of the line widths and line shifts were also measured.
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Figure 1. Rb saturated vapor pressure and Rb number density at different temperatures, as calculated from Equations (3) and (5). 






Figure 1. Rb saturated vapor pressure and Rb number density at different temperatures, as calculated from Equations (3) and (5).



[image: Photonics 10 00112 g001]







[image: Photonics 10 00112 g002 550] 





Figure 2. The schematic of the 87Rb transitions between the hyperfine levels of the ground and excited states of the D1 transitions. 
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Figure 3. Schematic of the temperature-measuring device design. 
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Figure 4. Temperature-measuring device. (a) The structure of cell. (b) Sealed cell, with 87Rb and 700 torr N2. 
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Figure 5. The sealing conditions of Pyrex glass and the different kinds of metal wires. The gap between Pyrex glass and the metal is marked by blue ellipses. (a) Dumet wire. (b) Kovar alloy. (c) Platinum wire. 
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Figure 6. Schematic of the Rb vapor-density measurement system. 
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Figure 7. Experimental results at various temperatures. The temperature of the cell center is plotted as a solid line, the temperature of the cell surface is plotted as a dash–dotted line, and the temperature of the oven is plotted as a dotted line. 
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Figure 8. Experimental results of absorption spectrum for 87Rb D1 line broadened by N2 at different temperatures. 
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Figure 9. Fitting profile of the experimental results (368.8 K). The 87Rb transitions between hyperfine levels of the ground and excited states of the D1 transitions are plotted as dotted lines. 
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Figure 10. Comparison of experimental results of Spectral absorption and empirical formula calculation. 
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Figure 11. The measured line widths for 87Rb (D1) as a function of temperature for N2 (700 Torr at 25°C) with linear fits from Equation (13). 
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Figure 12. Measured shifts for 87Rb (D1) as a function of temperature for N2 (700 Torr at 25°C) with linear fits derived from Equation (14). 
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Table 1. Relative strengths    A   F g  →  F e      of the individual D1 hyperfine resonances for photon absorption.
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	Transition
	     A   F g  →  F e       





	Fg = 1→Fe = 1
	1/16



	Fg = 1→Fe = 2
	5/16



	Fg = 2→Fe = 1
	5/16



	Fg = 2→Fe = 2
	5/16
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Table 2. The fits to the measured line widths and frequency shifts of N2, as a function of temperature.
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	    n /  n ’     
	    α / β   ( GHz )    





	87Rb D1 Width
	0.43 (±0.17)
	0.11 (±0.11)



	87Rb D1 Shift
	0.44 (±1.22)
	0.13 (±0.38)
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