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Abstract

:

A novel double-cycle alternating-flow diode-pumped potassium vapor laser is proposed, theoretically modeled and simulated. The results show that the optical-to-optical efficiency of the laser increases with increasing gas flow rates, although at high flow rates the rate of increase in efficiency decreases. The optical-to-optical efficiency reaches 74.8% at a pump power density of 30 kW/cm2 and a gas flow rate of 50 m/s. The optical-to-optical efficiency of the laser is greater with a narrow linewidth pump and high buffer gas pressure. The optical-to-optical efficiency of a flow gas cell is higher than that of a static gas cell. There is an optimal gas cell length that provides the highest optical-to-optical efficiency. At higher pump power densities, higher flow rates are required to obtain higher optical-to-optical efficiencies.
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1. Introduction


The diode-pumped alkali vapor laser (DPAL) is a new type of optically pumped gas laser with extremely high quantum efficiency. It is a type of laser system with the potential to provide single-aperture MW-class average power output. Since it was first proposed at Lawrence Livermore National Laboratory in 2003 [1], DPALs have been rapidly developed to increase their advantages and potential applications. The gain medium of DPALs is a gaseous alkali metal, usually potassium (K), rubidium (Rb), or cesium (Cs). Compared with rubidium and cesium, potassium vapor lasers (K-DPAL) have the following advantages: Firstly, their quantum efficiency can reach 99.5%, compared with 98.11% and 95.2% for their rubidium and cesium equivalents, respectively. Secondly, they can provide alkane-free operation, which avoids contamination by carbon particles caused by the high-temperature reaction of alkali metals with alkane-based gases. Therefore, K-DPALs have great potential for high power output.



Theoretically, in 2012, Barmashenko et al. from Gurion University, Israel, developed a simplified semi-analytical flow DPAL model [2] without considering the quenching of the electronic states of alkali metal atoms, ionization, and higher energy level leaps, which simulated the gas flow and output lasing relationship [3,4]. The results show that the assumption of the semi-analytical model for the uniform distribution of different material densities and temperatures in the laser region is inaccurate, so the group further proposes a two-dimensional/three-dimensional computational fluid dynamics model (2D/3DCFD) [4,5,6]. For low pump powers, the laser powers predicted by the two models are very close to each other; however, at higher pump powers, the laser powers calculated using the 2D/3DCFD model are much higher than those calculated using the semi-analytical model. The group used the two models to theoretically analyze the effects of gas flow rate, buffer gas composition, pumping mode, flow mode and other parameters on the output laser performance and found that gas flow mode, pumping mode and buffer gas composition have a significant effect on the output performance of the circulating flow-type DPAL.



In 2013, the group first proposed the supersonic DPAL model [7] to obtain the temperature and alkali metal atomic concentration favorable for pump absorption. It was found that for the long-term continuous operation of supersonic DPAL, cyclic operation is required to save gas [8]. Subsequent comparison of the output performance of K-DPAL and Cs-DPAL at supersonic, subsonic, and transonic speeds [9,10,11,12] reveals that supersonic speeds are superior to transonic speeds, and transonic speeds are superior to subsonic speeds, while the maximum output power of K-DPAL is higher than that of supersonic Cs-DPAL at supersonic speeds [13,14]. In order to realize high-pressure and high-speed gas flow, ultra-high-power mechanical pumps are required, which is the key to the long-term continuous operation of supersonic recirculating flow-type DPAL.



In 2018, Gavrielides et al. at the U.S. Air Force Institute of Technology [15,16] systematically investigated the effect of the flow mode on the far-field beam quality, and the results showed that the beam quality of circulating-flow type DPAL was better in the case of transverse flow of gas relative to that in the case of axial flow, which was in agreement with the conclusion of Gurion University.



In 2018, Endo et al. from Tokai University, Japan, numerically simulated the circulating flow-type DPAL using a fluctuating optical resonant cavity model to simplify the thermal lensing effect in the case of gas flow [17]. The model correctly predicted the temperature distribution of the gain medium and the calculated values were in good agreement with the experimental values, but it was only applicable to forced-flow DPALs. In 2020, the group proposed an incompressible 3D-CFD model [18]. The modified Boussinesq approximation was used to simulate the natural convective flow, and the model can accurately calculate the flow field distribution of DPAL and agrees well with the experimental results.



Experimentally, in 2013, the Livermore Lawrence Laboratory in the U.S. realized the first circulating flow-type DPAL laser output at several kW level, and the circulating flow-type DPAL output power reached 4 kW by increasing the size of the vapor cell and improving the optics, optical coatings, and the window of the vapor cell. In 2015, the group effectively controlled the working gas temperature to achieve 13 kW of laser output [19,20].



In 2015, the first circulating flow type K-DPAL laser output was realized by Zhdanov’s group at the U.S. Air Force Academy Laboratory [21]. The circulating flow system consists of a magnetically driven gas blower, a reservoir for alkali metal vapors, a gas handling system for filling as well as discharging the vapors, and a vapor pool. All system components and connecting tubes are made of alkali-resistant stainless steel. The steam cell has four windows with an alkali-resistant anti-reflective coating on both sides for end and side pumping. With end-face pumping, the gas flow direction is perpendicular to the laser and pump axes, which reduces turbulence in the gain region. The buffer gas pressure is 800 torr, the flow rate is 6.6 m/s, the temperature of the alkali metal vapor cell is 180 °C, and the maximum laser output power is 5 W with a pump power of 40 W, with a slope efficiency of 31%.



In 2016, the group continued to explore the effect of gas flow rate on the power of circulating flow type DPAL. Comparing the output power of Cs-DPAL and K-DPAL with and without gas flow under low gas pressure in the vapor cell [22], the experimental results show that the larger the gas flow rate, the DPAL peak power and continuous power increase, and the attenuation of power with time increases is smaller. When the gas flow rate increases from 0 to 6 m/s, the attenuation of K-DPAL output power decreases from 60% to 40%. For Cs-DPAL, this difference decreases from 20% at 1 m/s to 3% at 4 m/s. This suggests that the power of K-DPAL output decreases from 60% to 40% in continuous wave mode. This shows that in continuous-wave mode, a higher gas flow rate can mitigate the gas thermal effect in time to suppress the downward trend of laser power. Even in the case of imperfect mode matching, the K-DPAL slope efficiency is still 30% higher when the gas is flowing than when the gas is stationary. In addition, Zhdanov and Knize compared the performance of K-DPAL and Cs-DPAL. The Cs-DPAL system has a higher gain and lower threshold than K-DPAL. However, Cs-DPAL requires alkanes as buffer gases, which tend to chemically react with Cs at higher temperatures, reducing Cs-DPAL output performance. K-DPAL, on the other hand, can realize laser output without hydrocarbons. However, K-DPAL requires high pumping intensity due to its relatively low gain, which may cause strong thermal effects on the gas. Since the thermal effect can be mitigated by using a high-speed recirculating flow method, the recirculating flow K-DPAL is expected to realize high-power and high-efficiency laser output, as is the case for the Cs-DPAL. Currently, thermal management is the key challenge limiting the power of K-DPALs. The gain medium of K-DPAL is potassium, which has a high threshold. To generate high power, a high potassium vapor density is required, creating temperatures of >200 °C. Such high temperatures and the waste heat generated by the high-energy-level spontaneous radiation of potassium atoms have severe thermal effects on the gas inside the vapor cell, degrading the DPAL’s output.



In this paper, a novel double-cycle alternating-flow diode-pumped potassium vapor laser is proposed. It controls the potassium and high-temperature regions in the gain zone to reduce thermal effects.




2. Description of the Novel DPAL


Figure 1 shows a schematic diagram of the double-cycle alternating-flow diode-pumped potassium vapor laser. Helium is pre-filled throughout the device as a buffer gas. The device is operated in an alternating cycle, where only the gas flow direction and the operating state of some of the devices are different. The working cycle shown in Figure 1a has a clockwise gas flow. After the helium buffer gas passes through the heat exchanger, the gas temperature increases to operating temperature T in the DPAL gain zone. At the same time, the gas is mixed with potassium atoms produced by the evaporator and enters the DPAL gain zone. Then the potassium atoms are pumped, generating particle number inversion between energy levels, and laser output is achieved. After the gas flows through the gain zone, it reaches the right-side heat exchanger, which cools the working state and reduces the gas temperature. Then, potassium atoms are condensed and returned to the alkali recycler. The set temperature of the condenser is decided according to the measured condensation efficiency. The working cycle ends when there is little-to-no potassium remaining in the left-side alkali evaporator. In the next working cycle (Figure 1b), the gas flows counterclockwise. The roles of the two heat exchangers are swapped so that the potassium atoms collected in the right-side alkali evaporator are gradually returned to the left one after passing through the gain zone, achieving a complete working cycle.



In the proposed laser, potassium vapor flows between evaporation and condensation processes in a localized small circuit. The buffer gas flows throughout the cavity in a closed major circuit. The two circulation flow paths only overlap near the gain zone. The gas flow alternates clockwise and counterclockwise. Potassium vapor produced by the evaporator is fully condensed after passing through the gain zone with the gas flow to the heat exchanger on the other side. Most of the atoms are converted from a gaseous state to a liquid state and flow back into the evaporator. Previous flow-based DPALs have maintained a high temperature throughout the flow channel through which alkali vapor and buffer gas flow. In this paper, most of the potassium atoms are confined between the sides of the gain zone, which greatly reduces contamination of the whole device by alkali atoms and increases the range of housing materials that can be used. Moreover, the use of double heat exchangers only necessitates a high temperature of about 200 °C near the gain zone of the DPAL. The temperatures in other zones can be lower, even at room temperature, which reduces the requirements for vacuum heat resistance and cavity insulation.



A theoretical model of the laser was established using an end pump. The schematic diagram is shown in Figure 2. The blue and red line represent the pump and the laser, respectively. The change in flow direction over time is not taken into account in the following calculations because it does not change the optical-to-optical efficiency of the laser output. The pump and laser beam intensities are uniform across the beam cross section. The pump light is injected into the resonant cavity through the PBS and passes through the gain medium from left to right, generating particle number inversion and laser output. The parameters shown in the figure are defined in Table 1.



The K-DPAL is a three-level system. The three-level rate equations are as follows:


      d  n 1   z    d t   = −    n 1   z  −  1 2   n 3   z    ×    ∫ 0 ∞      σ  13    ν   I p    z , ν     h  v p       d ν +    n 2   z  −  n 1   z    ⋅    σ  21      I l +   z  +  I l −   z      h  v l    +        n 2   z     τ  21     +    n 3   z     τ  31        



(1)
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    d  n 3   z    d t   =    n 1   z  −  1 2   n 3   z    ×    ∫ 0 ∞      σ  13    ν   I p    z , ν     h  v p       d ν −  γ  m i x      n 3   z  − 2 exp   −   ∆ E   k T     ⋅  n 2   z    −    n 3   z     τ  31      



(3)




where    n 1   ,    n 2   , and    n 3    are the population densities of particles at energy levels    S  1 / 2     2   ,    P  1 / 2     2   , and    P  3 / 2     2   , respectively.    I l ±    are the forward and backward laser power densities in the gain zone, and T is the gain zone temperature.



   σ  13    ν    is the stimulated absorption cross section:


   σ  13    ν  =    f 3     f 1       c 2    8 π  τ  31    ν  D 2  2     



(4)




where    ν  D 2     is the center frequency of the potassium atomic absorption,    f 3    and    f 1    are the statistical weights of energy levels    P  3 / 2     2    and    P  1 / 2     2   , respectively.



   γ  m i x     is the fine-structure mixing rate:


   γ  m i x   =  n  H e    σ  32    v r   



(5)






   v r  =     3 k T    1   m  H e     +  1   m K           1 2     



(6)




where    σ  32     is the mixing cross section,    n  H e     is the helium population density and    v r    is the thermally averaged relative velocity of helium to potassium.



The total population density of potassium vapor is obtained by the following equations [23]:


  log (  n  t o t   k T ) = 9.408 − 4453 / T  



(7)






   n 1   z  +  n 2   z  +  n 3   z  =  n  t o t    z  .  



(8)







The propagation intensities of the pump and the laser in the gain zone are expressed by the following equations:


   I p    z + ∆ z , ν   =  I p    z , ν   exp   −    n 1   z  −  1 2   n 3   z     σ  13    ν  ∆ z   .  



(9)






   I l ±    z + ∆ z   =  I l ±   z  exp   ±    n 2   z  −  n 1   z     σ  21   ∆ z   .  



(10)







The heat dissipation of the gas in the lateral flow condition [24] is:


   R  h e a t   =   2 π  ω l  l u  N w     N A       ∫   T w   T    C p   T  d t    + 2 π  ω l  k  T   N u    T −  T w     



(11)




where  l  is the gain length of the vapor cell,  u  is the gas flow rate,  k  is the thermal conductivity of the gas,  T  is the temperature of the gas in the vapor cell, Tw is the temperature of the wall of the vapor cell,    ω l    is the radius of the laser spot, Nw is the concentration of working gas particles at the sidewalls of the vapor cell, NA is Avogadro’s constant, Cp(T) is the total molar heat capacity of the buffer gas, k(T) is the total thermal conductivity of the buffer gas, and Nu is the Nusselt number.



The waste heat generated during steady-state operation of the DPAL [18] can be expressed as:


   P  w a s t e   =    ∫ 0 l      γ  32      n 3  − 2  n 2  exp   − ∆ E /  k B  T     ∆ E + h (  ν  21    Q  21   +  ν  31    Q  31   )   d z     



(12)




where the first term on the right-hand side of the equation is the waste heat generated by the relaxation of the    P  3 / 2     2    energy level to the    P  1 / 2     2    energy level, and the second term is the waste heat generated by the radiation-free jump to the ground state of the    P  1 / 2     2       P  3 / 2     2    energy levels.



When the heat is in equilibrium, heat production equals heat dissipation:


   R  h e a t   =  P  w a s t e    



(13)







The laser’s output power is calculated as follows: Assume that the initial laser light intensity is 0 and that the initial temperature of the gas in the gain zone and the pump power density are known. The calculation process is shown in Figure 3.



	(a)

	
Solve the rate Equations (1)–(3) to obtain the population density of K atoms at each energy level;




	(b)

	
Substitute K into the beam propagation Equations (7) and (8) to obtain the initial distribution of the pump and laser in the resonant cavity;




	(c)

	
Solve the heat balance Equation (13) to obtain the temperature in the gain zone;




	(d)

	
Use the obtained temperature instead of the initial temperature to correct the parameters affected by temperature, then re-substitute these parameters into the rate equation and beam propagation equation to solve the new atomic population density K of each energy level and the distribution of the pump and laser;




	(e)

	
Repeat Steps (b)–(d) until the temperature and laser amplitude in the gain zone stabilize; finally, obtain the laser output in the steady state.








3. Results and Discussion


3.1. Gas Flow Rate


Assume that the pump’s center wavelength is 766.5 nm, the linewidth of the pump is 0.1 nm, the pump’s power density is 30 kW/cm2, the length of gain zone l is 1 cm, and the helium pressure is 600 torr. Then, the dependence of the optical-to-optical efficiency and maximum gain zone temperature on the gas flow rate can be calculated (Figure 4).



In Figure 4, at gas flow rates < 20 m/s, the optical-to-optical efficiency increases rapidly with the flow rate. The optical-to-optical efficiency is 12.2% at a gas flow rate of 2 m/s and reaches 66.3% at 20 m/s. At gas flow rates > 20 m/s, the optical-to-optical efficiency increases more gradually. The optical-to-optical efficiency is 74.8% at a gas flow rate of 50 m/s. The maximum temperature in the gain zone changes in the opposite direction, reaching temperatures of 602.4 K and 520.5 K at gas flow rates of 20 m/s and 50 m/s, respectively. This indicates that higher gas flow rates correspond to higher photoluminescence efficiency and lower maximum temperatures in the gain zone.




3.2. Linewidth of the Pump


Using the parameters in Section 3.1, the effect of pump linewidth on laser output characteristics is analyzed at a gas flow rate of 50 m/s. The model of the static gain medium is taken from [18]. The results are shown in Figure 5.



Figure 5 shows that when the pump linewidth is narrower, the pump’s spectral line shape matches well with the broadened alkali D2 spectral line. The pump absorption is high, so there will be a higher optical-to-optical efficiency. When the pump linewidth is 0.02 nm, the optical-to-optical efficiency of the flowing gain medium is 79.2%, which is optimal. At higher linewidths, the matching effect decreases and pump absorption decreases, resulting in lower optical-to-optical efficiency. At a linewidth of 0.5 nm, the flowing and static gain media have only 38.4% and 29.8% optical-to-optical efficiencies, respectively. At a pump linewidth of 0.1 nm, the optical-to-optical efficiency is 73.6%, which is 92.9% of the optimal value. A 0.1 nm linewidth was easily achieved by the LD pump source in the experiments, so the linewidths used in the simulations were all set to 0.1 nm. At the same time, regardless of pump line width, the optical-to-optical efficiencies of the flowing gain medium were higher than those of the static gain medium.




3.3. Helium Pressure


The parameters in Section 3.1 were used to analyze the effect of helium pressure on the laser output characteristics at a gas flow rate of 50 m/s (Figure 6).



Figure 6 shows that the optical-to-optical efficiency increases with helium pressure, first rapidly and then slowly. At helium pressures of 200 torr, 600 torr, and 1000 torr, the optical-to-optical efficiencies of the flowing gain medium are 37.5%, 74.8%, and 83.0%, respectively, while those of the static gain medium are 32.3%, 54.5%, and 64.6%. The reason is that when the helium pressure is low, an increase in pressure broadens the alkali D1 and D2 lines, increases the relaxation rate of the fine structure, accelerates the laser conversion rate, and increases the output power. However, with further increases in helium pressure, the fine structure relaxation rate gradually tends toward saturation, and the increase in laser output power slows down. In addition, the optical-to-optical efficiency of the flowing gain medium is greater than that of the static gain medium because the gas flow dissipates the heat deposited in the gain medium, which improves the conversion efficiency of the pump.




3.4. Length of the Gain Zone


The parameters in Section 3.1 were used to analyze the effect of gain zone length on the laser output characteristics at a gas flow rate of 50 m/s (Figure 7).



In Figure 7, a short gain zone length causes the pump to be ejected from the other end of the gain zone before it is fully absorbed. So the gain zone has low absorption of the pump, resulting in low optical-to-optical efficiency. When the length of the gain zone is 0.2 cm, the optical-to-optical efficiencies of the flowing and static gain media are 46.7% and 41.0%, respectively. As the gain zone length increases, the pump is absorbed sufficiently and the optical-to-optical efficiency increases. At a length of 2 cm, the optical-to-optical efficiencies of the flowing and static gain media are 88.2% and 63.7%, respectively. As the length is further increased, the pump is fully absorbed before passing through the gain zone. The laser gains only in the zone where the pump is absorbed, not where it is not absorbed. It is also absorbed by the potassium vapor, which generates waste heat deposition and decreases the optical-to-optical efficiency. At a gain zone length of 6 cm, the optical-to-optical efficiencies of the flowing and static gain media are 43.5% and 16.3%, respectively. There is less power decrease in the flowing gain medium than in the static gain medium because the gas flow dissipates some of the heat.




3.5. Pump Power Density


In Section 3.1, we only considered a case with a pump power density of 30 kW/cm2. The effect of gas flow rate on laser output characteristics was then analyzed under an increasing pump power density (Figure 8).



In Figure 8, at low gas flow rates, the optical-to-optical efficiencies are lower for higher pump power densities because higher densities produce more heat, which lower flow rates are unable to dissipate. As the gas flow rate increases, the optical-to-optical efficiency begins to improve. At a flow rate of 50 m/s, the optical-to-optical efficiencies are 74.8% and 73.5% at pump power densities of 30 kW/cm2 and 50 kW/cm2, respectively. As the flow rate continues to increase, their optical-to-optical efficiencies increase very little and reach a plateau. At a pump power density of 100 kW/cm2, the optical-to-optical efficiency plateaus at a flow rate of 120 m/s, which is 77.0%. At 150 kW/cm2, the efficiency plateaus at a flow rate of 160 m/s, which is 78.8%. At 200 kW/cm2, the efficiency is 81.0% at a flow rate of 200 m/s, showing that there is a minor upward trend. It can be seen that at higher pump power densities, higher gas flow rates are required to obtain high optical-to-optical efficiencies.





4. Conclusions


In this paper, a novel double-cycle alternating-flow diode-pumped potassium vapor laser is proposed to solve the thermal management problems faced by DPALs. Based on three-level rate equations, the end-pumped potassium laser was modeled and its output characteristics investigated. The results show that the optical-to-optical efficiency of the laser increases with the gas flow rate, first rapidly and then slowly. The optical-to-optical efficiency is 74.8% at a gas flow rate of 50 m/s. The maximum temperature inside the gain zone varies inversely with the gas flow rate, which indicates that greater gas flow corresponds to higher optical-to-optical efficiency and a lower maximum temperature. The optical-to-optical efficiency of the laser decreases with increases in pump linewidth, indicating that a narrow linewidth pump is required to obtain a high-power laser output. An increase in buffer gas pressure also improves the optical-to-optical efficiency of the laser. However, high pressures eventually saturate the fine-structure relaxation rate, so an appropriate pressure should be selected.



Under the same conditions, the optical-to-optical efficiencies with a flowing gain medium are always greater than those with a static gain medium, indicating that gas flow dissipates waste heat in the laser and improves the output performance of the DPAL. There is an optimal gain zone length that provides the highest optical-to-optical efficiency. With a pump center wavelength of 766.5 nm, a linewidth of 0.1 nm, a pump power density of 30 kW/cm2, a gas flow rate of 50 m/s, and a helium pressure of 600 torr, the optimal gain zone length is 2 cm, which provides an optical-to-optical efficiency of 88.2%. Without considering the optimal gain zone length, a higher flow rate is required to obtain higher optical-to-optical efficiency at a higher pump power density. At a pump power density of 200 kW/cm2, a flow rate of 200 m/s is required to achieve an optical-to-optical efficiency of 81.0%.
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Figure 1. Schematics of the laser system with the gain medium under (a) clockwise and (b) counterclockwise flow. 
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Figure 2. Schematic of the optical part of the K-DPAL. 
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Figure 3. Flowchart of the laser output power algorithm. 
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Figure 4. Relationships between gas flow rate, optical-to-optical efficiency, and maximum gain zone temperature. 
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Figure 5. Relationships between optical-to-optical efficiency and pump linewidth. 
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Figure 6. Relationships between optical-to-optical efficiency and helium pressure in flowing and static gain media. 
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Figure 7. Relationships between optical-to-optical efficiency and gain zone length in flowing and static gain media. 
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Figure 8. Relationships between optical-to-optical efficiency and gas flow rate at different pump power densities. 
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Table 1. Main parameters and values used in the laser system.
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	Parameter
	Description
	Value





	    n 1  ( z )   
	   S  1 / 2     2    level population density
	



	    n 2  ( z )   
	   P  1 / 2     2    level population density
	



	    n 3  ( z )   
	   P  3 / 2     2    level population density
	



	T
	Gain-medium temperature
	



	k
	Boltzmann’s constant
	1.38 × 10−23 J/K



	    σ  13    ν    
	Stimulated absorption cross section
	



	    σ  21     
	Stimulated emission cross section
	4.71 × 10−13 cm2



	    σ  32     
	Mixing cross section
	1.78 × 10−15 cm2



	    τ  31     
	2P3/2 level lifetime
	26.37 ns



	    τ  21     
	2P1/2 level lifetime
	26.72 ns



	    I p    
	Pump power density
	



	    I l ±    
	Forward and reverse laser power density
	



	    I  o u t     
	Laser output power density
	



	Tl
	Transmittance of laser through vapor cell window
	0.98



	Tp
	Transmittance of pump through vapor cell window
	0.98



	Ts
	One-way scattering loss in the cavity
	0.95



	Rp
	Reflectivity of the back reflector
	0.999



	Roc
	Reflectivity of the output coupler
	0.6



	Tw
	Wall temperature of the vapor pool
	500 K



	    ω l    
	Laser spot radius
	1 mm



	Nu
	Nusselt number
	213
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