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Abstract 

 

Spectroscopic Study of Kinetic Processes Occurring upon Photoexcitation of Alkali 

Metal Vapors Mixed with Rare Gases  

By Daniel Semiaticki 

 

 

Over the last decade, lasers with high beam quality and high beam power have been of 

interest for military purposes as a defensive weapon, as well as for some commercial 

purposes. The use of alkali metal vapors for such lasers in the form of excimer pumped and 

diode pumped alkali lasers, XPAL and DPAL respectively, has been considered and studied by 

numerous investigators. When these lasers are scaled to high powers, release of the pumping 

energy through undesirable processes will also scale with the power used. Thus, it is 

important to understand the kinetics of these processes in order to minimize their effects and 

increase the laser performance. In an effort to study some of these energy decay pathways 

likely to be present in XPAL and DPAL, an apparatus to perform gas phase spectroscopy was 

assembled in the Heaven laboratory.  The system was tested by checking for the presence, 

spacing and relative intensity of the D lines of sodium vapor in vacuum.  Because Rb is of 

prime interest in alkali metal lasers, the dependence of the emission of fluorescence at 422nm 

from gaseous Rb upon excitation at 780nm, previously observed, was studied in order to 

determine the process giving rise to this 422nm fluorescence.  The kinetic model presented 

in this report suggests that this process involves the ionization of the metal when it is 

irradiated with the pump pulse, thus forming Rb+, which is then consumed through a 

collisional process with the buffer gas and the neutral metal to form Rb2+.  Dissociative 

recombination of Rb2+ produces an Rb atom in an excited state which then emits 422nm 

radiation when returning to its ground state.  To estimate the metal density, this study uses 

a radiation trapping model that correlates the lifetime of the 780nm fluorescence signal, 

which Rb emits after being excited at 780 nm, to the metal vapor density.  Current results 

suggest that the set-up is adequate to study alkali metal properties related to their 

photoexcitation in rare gases, which in turn will provide details on the non-lasing processes 

in diode and excimer pumped alkali metal lasers. 
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1 Introduction 
 

1.1 Interest in alkali metal lasers 
 

Since the discovery of lasers 1960, laser technology has expanded, their applications are now 

many and span multiple fields. For example, in the medical field lasers are used for skin 

treatment1 and vision correction2.  Lasers have many commercial applications such as 

sensors3 and data transmission through optical fibers4.  With the advance in their technology, 

the design of high power lasers has allowed applications in lithography5 and lasers capable 

of producing beams of a high power and of a high quality have been receiving significant 

attention over the past decade6.  The high beam quality of this new class of lasers combined 

with a high power has numerous applications including military weapons7 to destroy missiles 

and rockets in mid-air8,9, underwater communication, powering satellites and other 

equipment  in space10.  Alkali metal lasers pumped by diode lasers are excellent candidates 

for this type applications.  The high beam quality of these lasers implies that in the absence 

in the laser beam path of particles susceptible to absorb the radiation emitted by the laser, 

the laser beam will lose little power as it travels through its propagation medium.  Among the 

alkali metals, Rb and Cs have gained more interest due to the good transmission of their D2 

lines through the atmosphere11.  This necessitates the excitation of the metal atoms to excited 

states, the efficiency of relatively inexpensive diode lasers in the region that match the 

excitation wavelength of the alkali metal makes diode lasers a convenient source for the 

excitation of the alkali metal6.  Previous research for high power and high beam quality lasers 

included Chemical Oxygen Iodine Lasers (COIL)12, such lasers were successfully designed, 

but, the need of a chemical reaction involving explosive reactants, such as hydrogen peroxide 

to drive them presented a safety hazard9 and new systems were considered.  XPAL and DPAL 
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are driven electrically, an advantage over COIL, since the safety risks linked with the gases 

used to operate COIL are removed; moreover, because the lasing medium is gaseous, the laser 

output is not subject to crystal imperfections present in solid state lasers.  Thus, DPAL and 

XPAL incorporate the benefit of a system alimented electrically and the beam quality of a gas 

laser13.  These alkali metal lasers include Diode Pumped Alkali Lasers (DPAL) and Excimer 

Pumped Alkali Lasers (XPAL)6, in the latter, the excited alkali metal atom is produced upon 

dissociation of an excimer pumped by the diode laser.  Such systems have been reported with 

quantum efficiencies greater than 98%14 and slope efficiency up to 82% for Rb6.  Diode lasers 

are not easily tunable6, therefore, efforts to refine the overlap between the emission spectrum 

of the diode laser with the one of the absorption spectrum of the alkali metal have focused on 

adjusting the absorption profile of the alkali metal.  Krupke6, Readle15, Pitz et al.16, among 

others, have studied improving the efficiency of DPAL and XPAL by better matching the 

spectrum of the excitation source with the absorption profile of the alkali metal.  This is a 

critical step in improving their efficiency, however, energy losses still occur outside of the 

mismatch between the spectral profile of the diode laser and the one of the metal.  These 

energy losses can be from “multiphoton absorption, ionization of the metal, heating or 

chemical reactions”17.  All these effects must be minimized to improve the efficiency of these 

lasers.   

1.2 Lasing scheme 
 

The lasing process of interest in alkali metal lasers is the following: in their ground electronic 

state, alkali metal atoms possess a single valence electron, in an s orbital, resulting in a 2S1/2 

ground state.  The lowest energy excited states result from promotion of the ns1 electron to a 

np orbital resulting in two levels, 2P1/2 and 2P3/2, due to spin orbit splitting.  For an alkali metal 

with a valence electron in the ground state shell n, the electronic transition from the n2S1/2 to 
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the n2P1/2 state corresponds to the D1 line and the transition from the n2S1/2 to the n2P3/2 state 

corresponds to the D2 line; together they form the D lines. A laser scheme has been proposed 

involving the three electronic states mentioned, shown schematically in Figure 1.  

 

Figure 1: Alkali metal lasing scheme; the pumping is achieved using a diode laser.  He induces the spin-
orbit relaxation and lasing occurs when the electron relaxes from the 2P1/2 to the 2S1/2 state. 

In this scheme, the valence electron is promoted from the 2S1/2 to the 2P3/2 state through 

photoexcitation. The electron then relaxes to the lower, 2P1/2 state, through collisional 

relaxation, resulting in a population inversion between the 2S1/2 and the 2P1/2 state.  A key 

step in the lasing of alkali metal lasers is the relaxation of the metal to a lower spin state. 

Inducement of the spin orbit relaxation between the P states is usually done by collision with 

He18.  Spin orbit relaxation has also been demonstrated by Perram et al.19 using small alkane 

molecules with greater efficiency, but, these molecules react with the alkali metals to form 

solid deposits, thereby fogging the windows of the gain chamber and rendering their use 

inconvenient20,21.  He, which is an inert gas is not susceptible to react with the alkali metal 

and is now being considered as a spin orbit relaxant22, 23.  The gain medium would then consist 

of the alkali metal, and a mixture of rare gases, such as Ar to pressure broaden the spectral 

profile of the alkali metal or forms excimers with the alkali metal, and He for the spin orbit 

relaxation.   
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The ways the pumping energy is consumed in non-lasing processes in the alkali metal/rare 

gas vapor gain cell must be characterized in order to improve the efficiencies of these lasers.  

The rate constants associated with these interactions will ultimately have to be calculated to 

adequately optimize the lasers17, but, before such steps are taken, the nature and kinetics of 

non-lasing processes at play once the alkali metal is irradiated must be identified.  The work 

presented here provides preliminary information in the characterization and buffer gas 

pressure dependence of these processes through the spectroscopic study of Rb vapor in a 

rare gas.  This in turn, may lead to a more efficient scaling of alkali metal lasers to high powers 

in the goal of producing high power and high beam quality lasers 

Aside from the lasing scheme of these lasers illustrated in figure 1, the energy used to pump 

electrons to the excited states is also susceptible to be released via decay pathways other than 

the one leading to lasing.  A decay pathway in this context would be processes that result in 

depopulation of the A2PJ levels of the alkali metal.  Of interest in this report is the multiphoton 

absorption of the pumping energy.  This multiphoton absorption would depopulate the A2P3/2 

state in favor of higher lying states.  This would occur by the absorption of one or more 

photons by the metal excited to the A2P3/2 state.  Thus, the pumping energy would be used in 

another way than the one suggested in the lasing scheme shown in figure 1.  With the high 

powers used in alkali metal lasers, it is conceivable that such multiphoton absorption 

processes would occur.  To maximize the efficiency of these lasers and possibly prolong their 

longevity, detailed knowledge of these alternative decay pathways is necessary to develop 

methods to minimize the chances of energy being released through them, thus decreasing the 

energy lost through electronic pathways not leading to lasing.  Detection of photonic energy 

outside the lasing region of interest is indicative of energy being released through alternative 

decay pathway processes.  In the case of multiphoton absorption, the energy released once 

the metal returns to its ground state will be greater than the lasing energy.  Previously in the 
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Heaven lab, the presence of a signal at 422nm from a Rb/RG cell pumped at 780nm was 

observed and initial explanations were based on an energy pooling model, in which two 

singly excited atoms would collide to form a ground state atom and a doubly excited atom, 

however, it could also be due a multiphoton absorption process.  Since energy pooling is 

independent of the pressure of the buffer gas, variations of the buffer gas pressure could be 

used to either rule out the process or support it.  The metal source used in the previous 

experiments in the Heaven lab was a sealed cell which contained a mixture of alkali metal and 

a buffer gas.  Consequently, the pressure of the buffer gas could not be achieved without the 

purchase of another cell, the expense and timing inconvenience linked with such a purchase 

restricted further experiments.  The set-up used in the present experiments uses a flowing 

cell in which the pressure of the buffer gas could easily be adjusted by regulating its flow, thus 

the effects on the 422nm of the buffer gas pressure could be tested more conveniently.  This 

report offers a description of the processes associated with the emission of the 422nm 

radiation when Rb is excited on its D2 transition in a buffer medium.  Thus, it explains a 

process in which the pumping energy used in alkali metal lasers is susceptible to be 

dissipated without lasing. 

 

1.3 Collision pairs to pump alkali lasers 
 

To increase the efficiency of alkali metal lasers, previous studies performed by Readle in the 

Eden group15 have shown that a potential way to configure the lasing medium would be to 

have a mixture of spin orbit relaxant gas, in these cases He, to transfer the electron to the 

lower spin-orbit coupling state, and of another rare gas (RG), Ar for the scheme shown in 

figure 2, or a mixture thereof, capable of increasing the efficiency of the absorption process 

through creating absorption satellites in the vicinity of the D2 line. The absorption satellites 
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result from collision pairs between the buffer gas and the alkali metal and they increase the 

efficiency of the system by absorbing more of the energy released by the diode lasers.  These 

systems are known as Excimer Pumped Alkali Lasers (XPAL) because they use the collision 

pair of the alkali metal and the RG atoms to populate the excited state orbitals of the metal. 

 

Figure 2: Potential energy curves of Rb-Ar Pairs, the 760nm radiation is used to excite the Rb in the 
satellite region of the pair, the Rb-Ar pair in its B state being repulsive, it dissociates forming a Rb atom 
in its 2P3/2 state which is then quenched to the lower spin orbit state, 2P1/2, with a collisional relaxant, He 
or some hydrocarbon.  Lasing occurs upon relaxation of the electron from the 2P1/2 to the 2S1/2 state. 

Diagram adapted from reference 15. 

 

The absorption wavelength of the collision pairs between an alkali metal and a buffer gas 

atom correspond to a region on the potential energy surface where the interatomic distances 

between the atoms would be about 4.5Å, and due to differing interaction potentials, these 

satellite features are affected by the type of buffer gas used.  Typical bandwidths of diode 

lasers are approximately 2 nm, significantly broader than the ones of atomic transitions. The 

satellite bands however, are broader than the atomic lines, see figure 3, and are of similar 

width to the band width of the output of the diode laser, effectively increasing the absorption 
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of the pump power, and subsequent lasing of the system.  As in DPAL, due to their low cost 

and their high efficiency in the region that covers the D transition satellites of Cs and 

Rb15,diode lasers are a convenient source for the excitation of the alkali metals. 

 

In order to maximize the overlap of the absorption band with the one of the pumping source, 

it was originally thought by the Eden group15 that the satellite absorption band could be 

shifted by using a mixture of RG atoms, with the absorption band being modeled by a 

weighted linear combination of the single rare gas absorption coefficients.  In a simple model, 

the absorption of the alkali metal in a mixture of rare gases, denoted by Amixturegases(λ) , would 

be predicted by: 

𝐴mixturegases(𝛌) = 𝐂𝟏 ∗ 𝐴buffergas1(𝛌) + 𝑪𝟐 ∗ 𝐴buffergas2(𝛌) 

Where Araregas(λ) is the absorption intensity of the alkali metal/single rare gas mixture at a 

wavelength λ, C1 and C2 are the percentages of rare gas 1 and rare gas 2 respectively, in the 

mixture. To that effect, mixtures of rare gases have been considered for the laser cell.  The 

Figure 3: Figure from 
reference 15, the spectrum 
covers the atomic transition 
and the blue satellite of Cs. 
The blue satellite feature of 
Rb was also documented in 
the report from which this 
figure is extracted. 
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approximation represented in the previous equation was not matched by experimental 

findings of the Eden group, instead, for the alkali metal in a 50/50 mixture of Ar/Kr, the 

absorption band had a profile similar to the alkali metal in pure Ar, but, with greater intensity, 

see figure 4.  It is unclear what is causing this behavior, it has been speculated, with the report 

of these observations, that it could be due to a change in the probability distribution of the 

atomic distances due to the influence of the collision pairs, or that the dipole moment would 

be changed by the presence a third body.   

 

Figure 4: Excitation spectrum in the blue satellite region of Cs with several sets of rare gases.  When Cs is 
present with a 50/50 mixture of Ar and Kr, the blue satellite profile is much more like the one where only 
Ar is used (blue curve) instead of a combination of the Cs-Ar and the Cs-Kr spectra, fig. from reference 15. 

 

In the mixtures of alkali metal and rare gases, it is not possible to know what the nature of 

the rare gas atoms that are around the alkali metal atom yielding fluorescence is.  In order to 

investigate the Rb–RG dimers and trimers one would need to employ a supersonic jet 
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expansion in order to form these complexes.  Previous experiments in the Heaven group to 

that effect have been attempted but were unsuccessful.  

A way to circumvent the difficulties associated with studying the interactions of the alkali 

metal with a mixture of rare gases in the gas phase would be to perform matrix isolation 

spectroscopic experiments, where the matrix consists of differing mixtures of rare gases.  In 

the solid phase, the probability of having a certain type of a noble gas in the vicinity of the 

alkali metal could be determined using Monte Carlo Simulations25.  By having the spectra of 

alkali metals embedded in matrices with various mixtures of rare gases and the predictions 

on the way the rare gas atoms would surround the metal, models could potentially be 

developed to explain the three body interactions observed.  Ryan et al.26 developed a 

theoretical model to explain the spectral characteristics of the alkali metals in the solid phase 

using Diatomics in Molecules (DIM) principles.  In those, the pair potentials between two rare 

gas atoms were modeled with a Lennard-Jones potential and the interaction potentials for an 

alkali metal and a rare gas atom were modeled by fitting experimental interaction potentials 

of such systems to functions of the form: 

𝑉(𝑅) = ∑ 𝑎2(𝑘+2)(
𝑅0

𝑅
)2(𝑘+2)

𝑛

𝑘=1

 

Where V(R) is the potential of the two atoms at an internuclear distance R, R0 is the 

equilibrium bond distance of the alkali metal-rare gas pair determined experimentally by 

supersonic jet expansion and a2(k+2) is the least square fit coefficient of the experimental 

interaction potential associated with the term of degree 2(k+2).  Ryan et al.26 used the most 

extensive DIM methods and only one of the three features of the experimental absorption 

data of a Na-RG matrix could be adequately modeled.  Jacquet et al.27  considered three body 

interactions under the form of induced dipole-induced dipole interactions and computed 
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excitation spectra comparable to the ones observed experimentally, thus, this set of study 

would also suggest that three body interactions have a considerable role in XPAL.  In order to 

model the interactions between the alkali metal and the rare gases experimental data on 

these systems is needed to check the validity of the theoretical models.  Matrix experiments 

previously performed in the Heaven appeared were unsuccessful and it appeared that the 

metal in its atomic form was not being deposited in the matrix.  The gas phase experiments 

presented in this report would provide heating conditions that lead to vaporizing the metal 

in its atomic form.    Thus, the results from the gas phase experiments here presented could 

be used to improve the metal vaporization in matrix experiments and lead to the deposition 

of exploitable matrix samples. 

1.4 Multiphoton excitation  
 

As seen in figure 1 and 2, the lasing of the DPAL and XPAL results from the relaxation of Rb* 

to its ground state, therefore, it is important to understand the energy transfer pathways of 

Rb*. In operating such lasers employing high power pump lasers, the collisional relaxation of 

the alkali metal will lead to an increased temperature of the cell, specifically in the region that 

is being pumped.  Unintended population of higher lying electronic states or ionization of the 

metal through multiphoton ionization will also scale with the power, thus, it is essential to 

know how the population of these levels and metal ionization is affected by the pressures of 

the buffer gases used in the cell17.   

Experimental data for cesium from Arimondo et al.28 shows that the element is subject to 

multiphoton absorption when being excited on its D transitions.  The ionization of cesium 

was further investigated by Barmashenko et al.17 who formulated a kinetic model for an XPAL 

using cesium and the study showed that photoionization of the metal by continuous wave 

pumping is followed by an association of the metal ion with a neutral metal atom which then 
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leads to the dissociative recombination of the ionic dimer.  Experimental data for Rb to 

formulate such models is not available, this work is performed with intention of obtaining 

data and results that will guide the development of such models.   

Experimental work by Cheret et al.29 has shown that the ionization of Rb vapor subjected to 

continuous wave excitation involves energy pooling (EP).  EP is a process in which energy 

transfer occurs upon the collision of two excited atoms.  The Cheret study suggested that a 

one-photon ionization of the highly excited atom produced from the EP was responsible for 

the formation of monoatomic Rb ions, a theoretical study by Mahmoud30 later confirmed that 

model.  The same study also showed that the collision of two single excited Rb atoms can lead 

to the formation of Rb2+, a process labeled as associative ionization.  Existing data on an 

analogous cesium model suggests that the buffer gas plays a role in the formation of the alkali 

metal dimer ions, however, the role of a buffer gas in the formation of Rb2+ was not previously 

investigated.  In the cesium study of Arimondo28, analysis of the data showed that Cs2+ 

dissociates upon recombination with an electron.  This dissociation process yields neutral 

atoms in their excited states and their radiative decay signal was monitored and used to 

model the kinetics of the ionization process.  Similarly, in a Rb-He vapor pumped at 780nm 

with He pressures between 75 and 150 torr, the observation of a radiation detected at 422 

nm, corresponding to the 6p→5s transition of Rb31, and its buffer gas pressure dependence 

can be used to gain insight on the kinetics giving rise to the presence of the signal.  If the 

kinetic processes of the Rb system are comparable to the cesium model, this signal is likely 

the result of a reaction involving Rb2
+, in which case these experiments would be the first to 

study the effects of the pressure of the buffer gas upon the formation of Rb2+ in a Rb-RG cell.  

In these systems, Rb2+ would be a product of a reaction involving Rb+.  The atomic ion density 

is determined by the laser power and the metal concentration, however, the association 
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process of the atomic ion with the neutral metal atom is affected by the density and nature of 

the buffer gas due to three body collisions.  So far, the extent to which these processes 

contribute to ionization is unknown and determining the kinetics of this unintended 

ionization process will provide information that will aid to minimize its occurrence in XPAL 

and DPAL design.   A comparable model for cesium28 suggests the occurrence of ionization 

through consecutive steps taking place after the initial excitation pulse.  These experiments 

provide the data necessary to develop such models for Rb which may in turn be used to 

minimize the loss of the pumping energy through peripheral processes, such as multiphoton 

absorption and metal ionization, in alkali metal lasers.   
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2 Experimental Details 

2.1 Vaporization of the metal 

The alkali metal was placed inside a hole drilled in a stainless steel rod of a diameter of 5/16” 

and of about 3” in length.  A hole was drilled on the opposite end of the rod in order for a 

cartridge heater (McMasterr-Carr model 8376T27) to be inserted into it.  The voltage flowed 

through the cartridge heater was adjusted with a variable autotransformer using a standard 

110V connection, see figure 4 for a schematic of the vapor source.  Typically 50% of the 

maximum voltage was needed to get a vapor pressure of the metal leading to a substantial 

signal, the voltage was increased slowly to allow the rod to heat more uniformly and prevent 

abrupt heating of the Rb that may have caused the metal to violently boil outside the hole 

where it was placed.  Prior to vaporizing the metal, the chamber and its connected 

components were evacuated by a Welch Duo Seal vacuum pump to 30 mtorr.  In experiments 

using a buffer gas, the gas was flowed through the glass tube containing the vaporizing source 

and its flow was adjusted so that the pressure of the buffer gas inside the chamber was of 

about 100 torr prior to heating the metal. 

2.2 Laser induced fluorescence 

A Quanta-Ray DCR Nd:YAG laser was used to produce 532 nm radiation, which was 

subsequently used to pump a pulsed dye laser, Quanta-Ray PDL-2 with the dye LDS-768. The 

pulse duration was 10 ns and its repetition rate was 10 Hz. The beam diameter at 780nm was 

2.5 mm and the average beam power was 5mW.  The output beam was directed in the 

chamber where the alkali metal vapor was present.  Scattering of the laser light was 

minimized by passing the beam through baffle arms connected on each side of the chamber.  

The diameter of the orifices on the baffle arms was about 5 mm.  
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Fluorescence from the alkali metal induced by the laser beam was detected perpendicularly 

to the beam.  The wavelength of fluorescence transmitted to the detector was selected with a 

monochromator (Oriel 77250) set for a resolution of 0.3 nm and the light was detected with 

a photomultiplier tube (PMT), Hamamatsu model R889,  subjected to a voltage of 1100V and  

placed behind the exit slit of the monochromator.  The fluorescence signals were recorded 

with a Yokogawa Digital Oscilloscope with a sampling rate of 150MHz, after which they were 

transferred to a computer for data analysis, see figure 5 for a schematic of the experimental 

set-up. 

 

Figure 4: Detailed view of the metal vaporizing source, on the end of the stainless steel rod closest to the 
beam path, a hole was drilled for the alkali metal to be placed in, marked as the metal receptacle on the 
figure.  On the other end of the rod, a removable heater cartridge was inserted and was used to heat the 
alkali metal through the rod.   The thermocouple (type E) probe was pinched between the stainless steel 
rod and the glass tube.  The length of the tube was about 5”, the thermocouple and electrical wires and 
were passed out of the apparatus through a T-connection and were sealed onto it with Torrseal. 
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Figure 5: Experimental set-up. The chamber was evacuated and the pressure of the rare gas was adjusted 
to the pressure desired for the initial experiment.  Once reached, the heating source of the metal was 
increased manually at a rate of about 30V/hr to the point where sufficient atomic signal was detected (50-
60 volt on heater cartridge).  The 532 nm light from the Nd:YAG laser pumped the dye laser (PDL).  The 
beam from the PDL was visible and crossed the chamber coaxially with the baffle arms, its average power 
was 5mW.  The buffer gas pressure was changed by controlling the needle valve and/or choking the pump 
line.  Fluorescence was detected perpendicularly to the axis of the excitation beam with a PMT connected 
to an oscilloscope, wavelength selection of the fluorescence detected was done with a monochromator 
placed before the PMT. 
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3 Discussion and Results 

3.1 Sodium 

3.1.1 Preliminary testing of the system 

 As a way to test the apparatus, sodium was vaporized and its D lines were sought.  The decay 

rate of the fluorescence from the D2 line at various gas pressures of He and Ar was recorded 

in order to compare it with the one reported in the literature.  The output of the dye laser was 

calibrated using a wavemeter (Bristol 821 Pulsed Wavelength Meter).  The sodium D 

transitions were then found by scanning the dye laser and removing the monochromator 

from the scheme shown in figure 5.  The spacing between the D lines obtained was 0.5 nm 

which is in agreement with the spacing of 0.53nm reported in literature32.  The D2 line is more 

intense than the D1 line due to the higher degeneracy of the 2P3/2 state, see fig. 6. 

 

Figure 6: Laser Induced Fluorescence spectrum of sodium in the region covering the D-lines. For this 
spectrum the sodium was heated to 260°C and no buffer gas was used. 
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3.1.2 Fluorescence decay time 

Since the pulse duration of the laser is on the same order of magnitude as the decay time of 

the D lines fluorescence of sodium, the decay curves (see figure 7 for a representative decay 

curve) were fit with the Origin Software to a sum of two exponential functions, see equation 

1, yielding two decay times.  The shorter decay time is associated with the pulse of the laser 

while the longer decay time is associated with the fluorescence signal subjected to radiation 

trapping.  

𝐼(𝑡) = 𝑦0 + 𝐴1𝑒
−

𝑡
𝑡1 + 𝐴2𝑒

−
𝑡

𝑡2     𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

Where y0 is the baseline level of the signal, A1 and A2 are constants determined by the 

fitting, t1 and t2 are the decay times obtained from the fitting. 

 

 

Figure 7: Time based signal of Na fluorescence excited and detected at 589 nm, the black squares are 
the experimental points and the red curve is obtained from the fitting of the signal to equation 1. 
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Radiation trapping refers to the process in which a photon is absorbed and emitted several 

times by the atoms or molecules studied before it is detected22.  If the alkali metal density is 

high enough, a photon emitted by the alkali metal will encounter other metallic atoms in the 

vapor that are in their ground electronic state, and the photon will be subject to reabsorption.  

Thus, before a photon reaches the PMT, it may have undergone several absorption and 

emission cycles, which will result in an increase of the lifetime of the signal detected.    

Radiation trapping effects are increased with an increased density of the absorbing species 

and by increasing the path length between the radiation source and the detector.   

Gas Pressure (torr) Lifetime (ns) Intensity of the first point (a.u) Temperature (°C) 

He 4.4 28.46 7.31E-02 277 

He 5.45 27.34 1.63E-01 271 

He 6.31 26.71 3.38E-01 274 

He 7.67 24.61 8.82E-01 279 

He 10.2 24.01 7.23E-01 274 

Ar 4.93 19.20 4.90E-02 274 

Ar 6.29 26.82 9.76E-02 275 

Ar 7.47 26.06 1.78E-01 273 

Ar 8.68 25.00 3.35E-01 277 

Ar 10.05 25.50 6.71E-01 275 

Table 1: lifetime of laser induced fluorescence of Na vapor at 589.0 nm.  Curves were recorded for 
various pressures of Ar and He between 4 and 11 torr.  The lifetime of the fluorescence does not appear 
to depend on the pressure of the buffer gas. 

Radiation trapping effects are detected in this set of experiments by an increase in the lifetime 

of the fluorescence observed when compared to the one reported in existing reports.  The 

signal detected here corresponds to the transition of an electron from the A2P3/2 to the X2S1/2 

electronic states of sodium.  The lifetime of the A2P3/2 state of sodium reported in the 
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literature is 16ns33.  All of the decay times measured lie within a factor 2 of that lifetime and 

this difference is likely a result of radiation trapping.   The transport of the metal into the 

beam path depends on the flow of the buffer gas, which is increased as the pressure of the 

buffer gas is increased.  The buffer gas will entrain more metal atoms as its flow is increased. 

This is observed in this set of data by an increasing intensity of the signal as the buffer gas 

pressure is raised, small deviations from that trend could be due to small changes in the vapor 

pressure of the metal.  This simple testing of the apparatus, which used sodium due to its 

easier handling compared to other alkali metals, was satisfactory and did not raise technical 

concerns that would complicate the observation of fluorescence from Rb, which is of interest 

due to its potential use in XPAL and DPAL. This experiment also provides information on the 

settings necessary to produce amounts of metal vapor that would lead to detection of the 

alkali metal signal when placed in a matrix sample.  Next, the system was used with 40-100 

torr pressures of buffer gas, which is closer to the pressure range needed for DPAL and XPAL 

design.  

3.1.3 Variation of the buffer gas pressure spanning 40-100 Torr 

One of the objectives of this experiment is to provide details on how the multiphoton 

ionization process is affected by the nature of the buffer gas.  To that effect, the D2 line 

fluorescence decay of sodium was studied in He and Ar.  As seen in table 2, at similar metal 

vapor densities, the lifetime of the fluorescence increases as the atomic weight of the buffer 

gas is increased: the lifetimes for Ar are larger than the ones observed for He by more than a 

factor of 2.   The pressure broadening coefficient of argon is smaller than the one for helium, 

17.7 MHz/Torr vs. 20 MHz/Torr for helium34.  At 100 torr of buffer gas pressure, this would 

correspond to band width of about 2GHz and the band width of the laser used is on the order 

of 102-103 GHz.  Thus, with Ar as the buffer gas, a larger population of the alkali metal atoms 

is able to absorb the photons used in the excitation, resulting in a larger radiation trapping 
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effect and consequently a larger observed decay time of the signal.  The following equations 

were developed for cesium by Brown and Perram22 and describe how the trapping coefficient, 

ζ, which is the observed decay rate of the signal divided by the rate  of the transition 

considered, is related to the population density of the metal: 

 

𝜁 =
1

𝐴 ∗ 𝑡2
=

1.115

√𝜋𝑘𝑝𝑟
      𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

Where kp is defined by: 

𝑘𝑝 =
𝑁0𝜆2𝑔𝑢𝐴

2𝜋𝑔𝑒𝛾𝑝
                𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

In these equations:  t2 is the decay time of the signal observed obtained from equation 1, its 

inverse divided by the Einstein coefficient of the transition considered A, is the trapping 

coefficient ζ.  ζ  was “defined as the number of times a photon is absorbed after traveling a 

distance r before being emitted”22 while it is in fact the mathematical inverse of that 

definition,  gl is the degeneracy of the energy level l, N0 is the number of metal atoms per unit 

of volume, λ is the wavelength resonant with the transition, 𝛾𝑝 is the pressure broadening 

factor and r is the path-length of the trapped photon (from the beam center to the window of 

the chamber). 

 

 

 

 



21 
 

 

 

Gas 

Pressure 

(Torr) 

Lifetime 

(ns) 

Metal Density 

(atoms/cm3) 

Area under 

Curve  (a.u) 

Predicted 

τ(He)/τ(Ar) 

Experim. 

τ(He)/τ(Ar) 

Percent 

Difference 

He 40.8 56.19 1.70E+10 44.03 0.50 0.39 29.26% 

He 70.8 61.04 3.47E+10 77.21 0.67 0.45 49.16% 

He 100 62.39 4.53E+10 94.85 0.64 0.45 44.19% 

Ar 39.8 144.96 9.74E+10 81.65 

N/A Ar 76 135.27 1.62E+11 111.81 

Ar 103 139.5 2.33E+11 140.43 

Table 2: Population density and fluorescence lifetime of Na at 589nm in Ar and He within 39-103 torr 
pressure of buffer gas, a representative curve for which the area underneath is integrated can be found 
in figure 7. 

Using equation 2 and 3, an inverse square root dependence of the pressure broadening 

coefficient on the lifetime is deduced, using that dependence, and using the metal density 

ratio between the two rare gases determined from integration of the decay curve over the 

fluorescence decay time, N0(He)/N0(Ar), the predicted ratio of the fluorescence lifetimes for 

Na in a He or Ar buffer medium, Pred.
τ(He)

τ(Ar)
, is calculated by: 

𝑃𝑟𝑒𝑑.
𝜏𝐻𝑒

𝜏𝐴𝑟
= √(

𝛾𝑝(𝐴𝑟) ∗ 𝑁0(𝐻𝑒)

𝛾𝑝(𝐻𝑒) ∗ 𝑁0(𝐴𝑟)
) 

 

where τ(He) and τ(Ar) are the  decay times of the signal observed, denoted as t2 in equation 

1 and 2 between 0.50 and 0.67, these match the observables within 50%, see table 1, the 

percent difference was obtained by: 
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%𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
Pred.

τ(He)
τ(Ar)

− Exp.
τ(He)
τ(Ar)

Exp.
τ(He)
τ(Ar)

∗ 100 

The denominator was chosen to be the experimental ratio since it was a smaller figure and 

would lead to an upper bound on the error. 

3.2 Rubidium 

After checking the system with sodium, the experiments shifted towards rubidium in order 

to study some of the processes that occur as the atoms are excited on their D2 transition.  The 

objective of this experiment was to establish the kinetics of an observed transition detected 

around 422nm when the atom is excited on its D2 line.  Similar experiments were previously 

performed in the Heaven group, but the expensive vapor source used at the time limited the 

variation of the experimental settings that could be tested and the EP process assumed could 

not be verified.  With the set-up used in the present study, the pressure of the buffer gas could 

easily be adjusted and sufficient data was collected in order to present a model explaining the 

observation of the 422nm signal.  

3.2.1  Determination of the metal vapor density 

To model the kinetics of the aforementioned process, it is necessary to determine the 

concentration of the metal in the vapor.  Although the temperature to which the metal was 

heated was recorded, the vapor density of the metal in the apparatus could not be reliably 

obtained from it.  This because the metal density in the beam path of the laser is dependent 

on the transport of the metal by the carrier gas and this dependence has not been quantified. 

However, a model recently developed by Perram and Brown22 correlating the vapor density 

of a metal with the decay time of its fluorescence subjected to radiation trapping, was used 

to determine the metal vapor density.  Since radiation trapping was evident from the decay 
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curve of the fluorescence from the metal, the Perram and Brown model was used to 

determine the density of the metal based on the lifetime of its fluorescence.  Equations 2 and 

3 quantify that model and together these equations can be used to estimate the metal vapor 

density from the lifetime of the fluorescence at 780 nm.  The 780 nm fluorescence is obtained 

by pumping the alkali metal from the 52S1/2 ground state to the 52P3/2 state.  Consequently, 

the electron in the excited state will decay to the ground state which will emit a radiation 

through fluorescing. The trapping lifetime of the fluorescence emitted is used to determine 

the population density of the metal.  Also, when He is present, it will induce relaxation to the 

2P1/2 state, causing a loss in the fluorescence intensity in resonance with the excitation.    

For the first set of excited P states of the alkali metal, the rate at which the spin states, R21, of 

the excited alkali metal are mixed, called the mixing rate, is temperature dependent, and is 

defined by35: 

𝑅21 =< 𝜎21 >∗ 𝑛𝑏𝑔𝑎𝑠 ∗ 𝑣 

Where <σ21> is the velocity averaged collisional transfer cross section from spin state 2 to 1, 

nbgas is the population density of the buffer gas and 𝑣 the average velocity of the colliding pairs 

and is computed by: 

𝜐 = √
𝑘𝐵𝑇

𝜋𝜇
 

Where kB is the Boltzmann constant, T is the temperature of the system and µ is the reduced 

mass of the colliding pair.  

Quenching of the excited states of Rb to the ground electronic state by the buffer gas is 

negligible since the corresponding  rate constants are on the order of 10-13 cm3Hz 36,  which is 

several orders of magnitude below the ones for the kinetic model considered. 
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The ratio of the mixing rates for the spin orbit states can be calculated with the following 

equation: 

𝑅12

𝑅21
=

𝑔2

𝑔1
𝑒

−∆𝐸
𝑘𝑡⁄  

Where R12 corresponds to the rate at which the atoms are transferred from the lower spin 

state 2P½ to the higher spin state 2P3/2 and R21 corresponds to the reverse process.  Between 

the two spin states of Rb this ratio was 0.63 at 300K, meaning that, at equilibrium conditions, 

38% of the atoms absorbing the trapped radiation could emit on the D1 line, at 795 nm 

instead.   At the time the experiments were performed this effect had not been considered 

and this paper offers no report of the fluorescence from the D1 line upon D2 excitation, 

however, with the metal densities used in these experiments the mixing rate is 106Hz or 100 

times smaller than the ionization rate, thus the mixing effects are not likely to contribute 

significantly.  To confirm that prediction, future experiments should include the detection of 

fluorescence signal on the D1 line to verify that the effects of mixing in this set-up are 

negligible.  If it unexpectedly turns out that the D1 fluorescence is significant upon pumping 

the D2 line of Rb, models considered will have to include these effects to correctly depict the 

population density of the metal. 

The decay rate of the trapped radiation depends on the type of broadening governing the 

experiment.  At the pressures of the buffer gas, p, used in these experiments (50-150Torr) 

and at 300K, the pressure broadening, at the Full Width at Half Maximum (FWHM), ∆𝜗𝑝, has 

the largest broadening effect when compared to Doppler broadening at the FWHM, ∆𝜗𝐷: 

∆𝜗𝐷 = 2𝜗0√
2𝑘𝐵𝑇𝑙𝑛(2)

𝑚𝑐2
 



25 
 

 

∆𝜗𝑝 = 𝑏𝑝 

Where 𝜗0 is the frequency of the atomic transition, T is the temperature, 𝑘𝐵, the Boltzmann 

constant, m is the mass of the absorbing atom, c is the speed of light and b is the pressure 

broadening coefficient.  At 300K and at 50 torr ∆𝜗𝐷 = 0.6𝐺𝐻𝑧 𝑎𝑛𝑑 ∆𝜗𝑝 =1GHz  and for the 

same temperature at 150 torr,  ∆𝜗𝐷 = 0.6𝐺𝐻𝑧 𝑎𝑛𝑑 ∆𝜗𝑝 = 3𝐺𝐻𝑧 , so, assuming that the 

broadening is done primarily by pressure broadening is a reasonable approximation and the 

constants associated with pressure broadening trapping coefficient, ζ, defined by equations 

2 and 3 are used.   

 

Figure 8: Decay curve of the 780nm fluorescence from Rb excited by 780nm radiation.  The red line is the curve 
associated with the fitting of the data points (in black) to the form shown in equation 1.  The fluorescence decay curves 
at various gas pressures were systematically fitted to extract the fluorescence decay rate which was then used to 
determine the metal vapor density. 

 

As a way to assess the validity of the metal density obtained based on the decay time of the 

fluorescence signal at 780nm (D2 transition), the ratios of the metal vapor densities calculated 
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using the trapping model were compared to the ratios of the metal vapor pressures obtained 

from the temperature to which the metal was heated, pmm calculated from37: 

𝑙𝑜𝑔10 (𝑝𝑚𝑚) =
−𝐴

𝑇
− 𝐵 ∗ 𝑙𝑜𝑔10(𝑇) + 𝐶 − 𝐷 ∗ 𝑇           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

Where pmm is the vapor pressure of the metal in millimeters of mercury, T is the temperature 

of the metal in K, and A, B, C and D constants specific to the metal of interest, these are 

reported to be 1961.258, -42.575, -94.04826 and 0.03771687 respectively37.  Since a higher 

vapor pressure of the metal means that more metal atoms will be vaporized, the ratio of the 

vapor pressure of the metal between different experimental samples is indicative of the ratio 

of the metal vapor density between these samples.  This allows the use of the vapor pressure 

of the metal as a tool to assess the coherence of the metal vapor densities calculated. 

Each time-based curve for the 422nm fluorescence was associated with a decay curve of the 

D2 fluorescence at 780 nm, recorded directly prior to setting the monochromator to that 

wavelength, allowing for the determination of the metal vapor density through radiation 

trapping, and a temperature measured in the proximity of the stainless steel rod, indicative 

of the one of the metal, allowing for the calculation of the metal vapor pressure.  These two 

parameters, concentration of the metal from radiation trapping and metal vapor pressure, 

provide two independent ways of estimating the relative metal vapor density between two 

experimental samples.  Thus, the agreement of the relative metal density using the two 

methods would provide some confidence with regard to the validity of the metal densities 

calculated.  The comparison between the relative metal densities was quantified with 

equation 5.   

𝑅𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑥, 𝑦) =
𝑝𝑚𝑚(𝑥)

   𝑝𝑚𝑚(𝑦)
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𝑅𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔(𝑥, 𝑦) =
𝑁𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔(𝑥)

𝑁𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔(𝑦)
 

𝑅𝑎𝑡𝑖𝑜𝑑𝑒𝑛𝑠𝑖𝑡𝑦/ 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑥, 𝑦) =
𝑅𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔(𝑥, 𝑦)

𝑅𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑥, 𝑦)
   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 

Where x and y can represent any unique set of two experimental samples, N is the population 

density of Rb obtained from the lifetime of the signal and pmm is the vapor pressure of the 

metal based on the temperature recorded for the sample curve.  Over all pairs of experimental 

samples, each experimental sample being associated with a vapor pressure of the metal and 

a metal vapor density, the average deviation from 1.00 of the ratio of the metal density over 

the metal vapor pressure, Ratiodensity/vapor pressure, was 0.32, value obtained from a program 

written in Python.  This value suggests that the method to calculate the metal vapor density 

is sensible. 

3.2.2 Fluorescence at 422 nm from Rb when pumped on its D2 transition 

Rb in the gas phase has been shown to have pumping efficiencies up to 0.5% for the emission 

from the 6p to the 5s level upon two photon absorption processes resonant with transitions 

from the 5s to the 5d orbitals31.  The metal vapor density in those experiments was on the 

order of 1015 atoms/cm3 and the system contained no buffer gas.  The same emission was 

observed in these experiments and a model is presented in an attempt to define the kinetics 

of this process. 
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Figure 9: Simplified diagram of the transitions involved in exciting the Rb vapor with 780 nm radiation.  
The Rb atoms are ionized through a 3 photon process, one to pump the valence electron to the 2P3/2 state 
and two to ionize it from that level, a 1+2 photon process; the high powers used in this experiment makes 
this feasible.  Once the Rb is ionized, the ion undergoes a collisional process to form the metal dimer ion 
which upon dissociation yields Rb(6p) and Rb(5s), the radiative decay from the 6p state is then detected 
at about 422nm. 

 

With the instantaneous MW power used in this experiment, Ipower, calculated using: 

𝐼𝑝𝑜𝑤𝑒𝑟 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑎𝑠𝑒𝑟 𝑃𝑢𝑙𝑠𝑒 𝑃𝑜𝑤𝑒𝑟

𝐿𝑎𝑠𝑒𝑟 𝑃𝑢𝑙𝑠𝑒 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 

 Rb could be ionized by the following multiphoton process: 

𝑅𝑏 + 3 h𝑣 → 𝑅𝑏+ + 𝑒−,  𝑛1 = [𝑅𝑏+], 𝑛2 = [𝑒−], 𝑠𝑡𝑒𝑝 1 
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The rate of ionization, RI was calculated to be 1.3*108 Hz with the following equation: 

𝑅𝐼 =
𝑃𝑏𝑒𝑎𝑚 ∗ 𝜎𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛

𝐴𝑏𝑒𝑎𝑚 ∗ 𝐸780𝑛𝑚 𝑝ℎ𝑜𝑡𝑜𝑛
 

Where Pbeam is the instantaneous power of the beam, σionization is the cross section of ionization 

at 780nm from Mahmoud30, Abeam is the area of the beam cross section and E780nm photon the 

energy of one photon  with a wavelength of 780nm.  RI is on the same order of magnitude as 

the pulse duration and the other processes considered have much lower rates, so, the 

ionization step is considered to be instantaneous. 

The metal ion present in the gas phase may then undergo an association reaction, with a 

neutral metal atom, possibly found in the vapor surrounding the beam path when the 

ionization takes place, forming a metal molecular ion:  

𝑅𝑏+ + 𝑅𝑏 + 𝐻𝑒 →  𝑅𝑏2
+ + 𝐻𝑒, 𝑛3 = [Rb2

+], 𝑠𝑡𝑒𝑝 2  

In the above equation He takes away the energy released in the formation of the Rb dimer.  

Once the dimer is formed, it would recombine with an electron produced from the ionization 

of the metal and dissociated into two neutral atoms: 

𝑅𝑏2
+ + 𝑒− → 𝑅𝑏∗(6p) + 𝑅𝑏 ( 𝑆2

1
2⁄ ) ,  𝑛4 = [𝑅𝑏∗(6𝑝)], 𝑠𝑡𝑒𝑝 3 

Finally the excited Rb neutral undergoes a radiative decay, whose radiation is detected:  

𝑅𝑏∗(6𝑝) → 𝑅𝑏(5𝑠) + h𝑣, 𝑠𝑡𝑒𝑝4 

Step 2 is the rate limiting step of the process. According to the reaction steps described above, 

the following equations for the population densities were used to model the decay form of 

the 422 nm signal: 
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𝑑𝑛1

𝑑𝑡
= −Γ𝑛1, 𝑤ℎ𝑒𝑟𝑒 Γ = 𝑘1[𝑅𝑏][𝐻𝑒] 

𝑑𝑛2

𝑑𝑡
= −𝑘2𝑛2𝑛3 

𝑑𝑛3

𝑑𝑡
= Γ𝑛1−𝑘2𝑛2𝑛3 

𝑑𝑛4

𝑑𝑡
= 𝑘2𝑛3𝑛2 − 𝑘3 𝑛4 

The initial conditions for the population densities were: 

n1(0)= n2(0)=[Rb], this because all the metal atoms in the beam path are assumed to be 

ionized with the high power beam,  n3 represents the molecular ion and it is formed by a slow 

process, so n3(0)=0 and since n4 requires n3 to be formed in this model n4(0)=0. 

[He] was determined through the ideal gas law, the temperature used for its computation was 

the one of the system, taken to be 298K and the pressure used was the one detected inside 

the chamber.  The pressure inside the chamber was a good approximation of the one of the 

buffer gas since in the absence of the buffer gas, the chamber pressure was below a torr and 

was at least of 45 torr when the buffer gas was present.  

[𝐻𝑒] =
𝑛(𝐻𝑒) ∗ 𝑁𝐴

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐴𝑝𝑝𝑎𝑟𝑎𝑡𝑢𝑠
=

𝑃 ∗ 𝑁𝐴

𝑅𝑇
          𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6 

Where NA is the Avogadro’s number, P is the pressure inside the chamber, T is the 

temperature of the apparatus and R is the ideal gas constant.  [Rb] was determined from the 

decay rate observed on the fluorescence of the D2 line.  The recombination coefficient 

between the dimer ion and the electron k2 was set to 1.0*10-5 cm3Hz, the corresponding 

coefficient for the cesium system was reported to be 1.0*10-7cm3Hz 28.  Whereas in the cesium 

study, the diffusion of the electron was taken into account in the model to obtain the rate 
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constant, it was not so in these experiments since no electrodes were used to collect the 

charges.  The necessity of the usage of a higher rate constant may be explained by this 

discrepancy.  The rate constant, associated with the radiative decay of the 5p state of Rb has 

been reported to vary with the buffer gas pressure due to the quenching it induces36.  In that 

model the effective rate, denoted as k3 here, varies linearly as a function of the buffer gas 

pressure.  The rate constant and factor of the buffer gas pressure, k, is associated to the rate 

of the transition without quenching.  The same model was used to estimate the quenching 

effect of the buffer gas pressure on the radiative decay of the 6p state.  The reported transition 

rate of  the 6p→5s fluorescence is 8*106 Hz38, however, due to radiation trapping the 

observed rate is smaller than the one in the literature.  Using equation 2 and 3, the rate taking 

into account radiation trapping, k, was estimated.  Thus, the effective rate, k3, was determined 

with the following equation: 

𝑘3 = 𝑘 + 𝑘[𝑅𝑎𝑟𝑒 𝐺𝑎𝑠] 

𝑘3 = 3.0 ∗ 10−6 + [𝐻𝑒] ∗ 3 ∗ 10−6 𝑐𝑚3Hz 

It will be noted that the experiment referring to the study that investigated the quenching 

effects used alkane gases as the buffer gas and the mixing rates between the spin orbit states 

had to be considered, since these experiments used He, the mixing rate is not as considerable 

and is not taken into account to model the quenching effects.  

A numerical model of the decay curves, with the discussed conditions for n1-n4 specified, was 

written in a Mathematica file.  The collisional rate constant k1 was adjusted to maximize the 

overlap of the modeling curve to the experimental curve.  Within 75-154 Torr, with the set of 

kinetic equations presented for n1-n4, all of the decay curves could be modeled by varying k1 

within the same order of magnitude.  At lower pressures, the intensity of the signal was very 

weak and modeling of the data could not be performed, this clearly illustrates the dependence 
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of the 422nm emission on the buffer gas and the feasibility of the kinetics process herein 

described. 

 

Table 3: Settings tested for detection of 422nm radiation of Rb in various pressures of He, the order of 
the pressures of He listed (from left to right) is respective of the chronological sequence in which the 
settings were applied.  The metal density is the one determined from the fluorescence decay time at 
780nm using equations 2 and 3; k1 is the rate constant associated with step 2 that was found to model 
the curve well by visual inspection, its variation between the samples could be explained by a slower 
diffusion of the ions when higher pressures of He are used.  The ions would diffuse more slowly at higher 
pressures, resulting in an increased value for k1 to compensate that effect.  However, the high value of k1 
found at 75 torr does not follow that trend, this may be related to the proximity of that pressure to the 
pressure threshold of He for which the occurrence of the 422nm fluorescence was detected. 

 

 

Figure 10: Sample time based signal of radiation of 422 nm when exciting Rb at 780 nm, this curve was 
recorded with 89 torr of He pressure.  The green dots represent the experimental data points while the 
blue line is obtained from the model presented. 

 

5. 10 7 1. 10 6 1.5 10 6 2. 10 6

1 1011

2 1011

3 1011

4 1011

5 1011

He Pressure 
(Torr) 

99 116 133 154 89 75 100 116 133 154 

Temperature of 
Rb(°C) 

131 123 123 124 129 119 131 124 125 125 

Metal Density 
*1011(atoms/cm3) 

17.2 11.2 8.59 10 18.9 9.75 14.1 10.5 8.06 8.01 

k1*106 cm6Hz 2 4.5 8 8.3 1.8 9.5 2.5 5 8.5 9.5 

Time elapsed(s) 
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Another way to populate the 6P level would be through energy pooling (EP).  In EP, two singly 

excited atoms collide to form one ground state atom and one doubly excited.  In this instance 

the EP process would be the following: 

𝑅𝑏(5𝑝) + 𝑅𝑏(5𝑝) → 𝑅𝑏(6𝑝) + 𝑅𝑏(5𝑠)  

The rate equation corresponding to the population of the Rb(6p) in this process is described 

by: 

𝑑𝑛4

𝑑𝑡
= 𝑘𝑛5

2 − 𝑘3𝑛4 

Where k is the rate constant of the EP process n4=[Rb(6p)] and n5=[Rb(5p)].  Energy pooling 

processes for Rb have been reported with rate constants, kpe around 10-9-10-10cm3Hz 39,40,41. 

The product of this process would be a Rb atom with its valence electron in the 5d or 7s 

orbital, however, the 6p level could still be populated from relaxation of these states.  This 

process was studied by Perram et al.31 and the lifetime of the electron in the 7s and 5d 

orbitals, denoted by nl subsequently, are respectively around 90 and 250ns42, which would 

correspond to rates of 0.040 to 1.1*108 Hz, so, in the EP scheme the rate limiting step would 

be the one associated with the following reaction: 

𝑅𝑏(5𝑝) + 𝑅𝑏(5𝑝) → 𝑅𝑏(5𝑑, 7𝑠) + 𝑅𝑏(5𝑠)  

The EP pooling process has incompatible features with current experimental observations.  

Firstly, it is dependent upon the Rb being excited to the 5p state, thus, the EP process will 

cease to occur as soon as the 5p level is depopulated.  The 5p state relaxes quickly to the 

ground state, this would limit the rise time of the signal associated with the EP process to a 

few tens of ns.  The rise time of the signals recorded in this report are of about 200 ns, see 

figure 11, which is in disagreement with the ones that would correspond to the EP process.  
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Secondly, in the settings used here, the rate of the EP process is on the order of 104 Hz, so, 

within the timeframe where the Rb 5p orbital population is considerable the EP pathway will 

be severely limited due to its slower rate.  This is seen upon modeling the decay curves at 

422nm with the EP model where the population densities of the metal obtained from the 

model have to be multiplied by a factor of 103 to be brought back to scale with the metal vapor 

densities determined from the radiation trapping.  Finally, the EP model makes no provision 

for the role of the buffer gas, the results presented here show a strong dependence of the 

signal of the blue fluorescence on the buffer gas pressure with decrease of the signal intensity 

as the buffer gas pressure decreases, including its disappearance at pressures of 62 torr, see 

figure 11.  If the EP model was the source of this blue fluorescence, the signal would remain 

constant as the buffer gas pressure is changed, which is in clear disagreement with the 

current observations.   

 

Figure 11: Fluorescence at 422 nm from excitation at 780 nm of Rb at mixed with He as a buffer gas at 
differing pressures.  The intensity of the signal increases with increasing buffer gas pressure.  The rise 
time of the signal can be seen to be of about 200ns.  With a buffer gas pressure of 62 torr, the signal is 
inexistent. 
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Aside from the formation of monoatomic ions by photoionization, Mahmoud30 developed a 

model in which the ions could be formed by Penning ionization in which one of the species is 

a highly excited Rb atom according to the following reaction: 

𝑅𝑏(𝑛𝑙) + 𝑅𝑏(5𝑝) →  𝑅𝑏+ + 𝑅𝑏(5𝑠) + 𝑒− 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7 

The rate constant of these processes (several excited state levels populated) is on the order 

of 10-8 cm3s-1.  This process would follow EP because the Rb(nl) would be a product of the EP 

reaction and it would also require another Rb in its 5p state to be present.  As explained, one 

of the reasons the EP process is negligible is that the Rb(5p) transition rate to Rb(5s) of 107Hz 

is much faster than the rate of 104Hz of the EP reaction, therefore, the probability of a Rb(5p) 

being present once products of the EP are formed would be minuscule, thus, the ionization 

process described in equation 7 is excluded from being a potential ionization pathway.  
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4 Conclusion 
 

The Rb fluorescence detected at 422 nm (6p→5s) when Rb is pumped on its D2 transition at 

780 nm was used to study the multiphoton excitation and ionization kinetics of Rb mixed 

with He as a buffer gas.  By using the radiation trapping characteristics of the D2 fluorescence 

of Rb in a buffer gas, the population densities of the metal were calculated and used in the 

model for the analysis of the 422 nm signal.  This analysis suggests that when the Rb-He vapor 

is irradiated with high powers at 780nm, Rb+ is formed by multiphoton absorption and, 

through a collisional process with Rb and He, it produces Rb2+.  Rb2+ then undergoes 

recombination with an electron to yield two Rb atoms, with one of them emitting 

fluorescence at 422nm.  These results suggest that energy pooling processes between Rb 

atoms are negligible. If the 422nm fluorescence results from an ionization process, as 

suggested in this report, the temporary presence of ions would produce a transient current; 

further work would include placing electrodes in the apparatus to determine if the 

fluorescence observed can be correlated with the transient current in the cell.  The ionization 

of the metal being instantaneous with the photoexcitation pulse, the model presented could 

also be tested by performing analogous experiments with a one photon ionization, using 

ultraviolet light, of the Rb vapor and verifying that similar results for the 422nm emission are 

obtained.  
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