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Abstract
We report direct measurement of the laser induced ionization rate of cesium, relevant for a Diode Pumped Alkali Laser 
(DPAL), via application of an ion chamber diagnostic. Computer simulation predictions of the multi-step ionization mecha-
nism will be compared against measured ionization rates. The results will be shown to accurately predict the low level of 
ionization to within an order-of-magnitude, as well as relative trends across pump intensities of 8–100 W/cm2 and cesium 
densities of 0.3–2.2 × 1012 cm−3 . Comparison of fluorescence from 7P energy states with known direct excitation pathways 
and fluorescence from highly-excited 7D states suggests rapid mixing of high energy states. The application of 300 V on 
the ion chamber electrodes (sufficient to cause current saturation) has minimal impact on fluorescence. This supports the 
notion that Rydberg states are populated via a neutral particle process, rather than via electron/ion recombination, as has 
been previously suggested.

1  Introduction

A promising candidate in the development of high power, 
excellent beam quality, low size and weight, electrically-
powered laser systems is the diode pumped alkali laser 
(DPAL). This system has broad applications in military, aer-
ospace, communications, and scientific diagnostics. DPAL is 
the first "hybrid" laser system to be heavily researched [1–5]. 
This hybrid system combines the benefits of a gas phase gain 
medium (scalability and heat removal by gas flow) and laser 
diode pumping (efficiency and electrical energy source).

The DPAL gain medium is a mixture of typically 
1–10 atm of buffer gas, commonly noble gas and hydro-
carbons, and a few parts-per-million (ppm) of alkali or 
less, with lasers demonstrated in cesium, rubidium, and 

potassium. The lasing process involves the three lowest 
energy states of the alkali, shown in Fig. 1 for cesium. The 
diode laser pump is tuned to the D2 absorption line of the 
cesium, which causes excitation from 6S1∕2 to 6P3∕2 . Popu-
lation is then transferred to the 6P1∕2 state via buffer gas 
collisions. Finally, a population inversion is created between 
the 6P1∕2 and 6S1∕2 states, enabling stimulated emission via 
the D1 transition.

The desired laser kinetics of DPALs involve only the 
three lowest levels. However, unwanted processes such as 
ionization, cf. Fig. 1, can reduce laser efficiency by decreas-
ing the population in the upper laser state and increasing 
heat generation. Understanding of ionization processes is 
critical to ensuring the success of DPAL power scaling.

Laser induced ionization in buffered alkali gases has been 
observed and analyzed since before the invention of DPAL 
[6–9]. Concerns about ionization in DPALs were reduced 
initially through low power testing and analysis [10–14]. 
Concerns were reduced significantly further by demonstra-
tion of efficient CW lasing at high power, intensity, and 
alkali density with performance characteristics that were in 
agreement with simulations predicting negligible ionization 
[3].

Ionization testing and simulation at high power (1 kW - 
2 kW) were performed by Wallerstein, who demonstrated 
agreement between fluorescence measurements of a potas-
sium DPAL and predictions based on kinetic simulation 
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[15]. The model was used to extrapolate to intensities of 
100 kW/cm2 and potassium densities of 1016 cm−3 , showing 
< 10% ionization throughout the parameter space. However, 
evidence of DPAL efficiency reduction due to ionization was 
observed by Zhdanov et al. [16]. The authors demonstrated 
significant output power increase in a potassium DPAL with 
4% methane compared to pure helium buffer gas. Zhdanov 
et al., Waichman, and Cambier & Madden, have attributed 
this result to rapid quenching of excess kinetic energy in 
the free electron plasma by the hydrocarbon [17, 18]. The 
authors showed that a cycle of super-elastic collisions of free 
electrons and excited alkali, followed by electron impact ion-
ization, becomes the dominant ionization process if energy 
removal from free-electrons is too slow.

Most previous experimental examinations of DPAL ioni-
zation have been indirect. The analysis has focused on expla-
nation of observed laser behavior (such as output power, 
absorption, and fluorescence) with energy state rate equation 
modeling based on known processes. These investigations 
have shown evidence that ionization was the source of the 
observed changes; however, this approach can never instill the 
same level of confidence as a direct measurement. The exami-
nation described in this report include direct measurements of 
DPAL ionization rate using an ion chamber diagnostic.

There have been multiple investigations of ionization 
in a rubidium DPAL gain medium over the past decade 
[19–21], which involved a similar ion chamber setup to 
what is described in this report. However, the main differ-
ence is that the current effort is focused on measurement 
of the ionization rate; whereas, the previous efforts meas-
ured steady-state plasma density (resulting from a balance 
of ionization and recombination). The direct measurement 
of ionization rate in this report enables examination of the 
ionization processes, without the added complication of 
having to take into account electron/ion recombination and 
associated uncertainties [22].

The main objective of this paper is to evaluate the cur-
rent understanding of ionization mechanisms that occur in 

cesium DPAL by comparing direct ionization measurements 
to predicted rates based on known processes. In Sect. 2, an 
overview of the ion chamber and fluorescence measurements 
is provided. In Sect. 3, the theoretical basis for known laser-
excited cesium ionization processes is examined and a pre-
dictive simulation of the total ionization rate inside the ion 
chamber diagnostic is described. In Sect. 4, the measure-
ments using an ion chamber and fluorescence spectrometer 
are compared against predictions, and the results are ana-
lyzed in Sect. 5. Finally, conclusions are drawn in Sect. 6.

2 � Experimental apparatus

An ion chamber diagnostic has been used to measure the 
ionization rate inside a cesium DPAL gain medium. The 
diagnostic has been previously built, tested, and analyzed by 
the authors with results published separately [22].

An ion chamber is a common diagnostic in radiation 
dosimetry. The device consists of two electrodes surround-
ing a volume of gas, which is being ionized by incident radia-
tion. The rate at which the gas is ionized creates a detectable 
change to conductivity. The chamber is operated in a voltage 
regime where current is saturated. This occurs for voltages 
that are sufficiently large to draw all charged particles to their 
respective electrodes with negligible recombination loss, yet 
low enough to prevent field-induced ionization. The measured 
saturation current is a direct measurement of the rate at which 
ion/electron pairs are generated within the gas, even under 
conditions of spatially nonuniform, high ionization rates [22].

The ion chamber used to measure the ionization rate of 
a DPAL gain medium contained two uncoated fused silica 
windows, which allowed a beam of 852.3 nm laser light to 
pass through the cell, exciting and ionizing cesium within the 
gas. The L = 7.7 cm beam propagation path was surrounded 
by plane parallel copper electrodes of length Le = 6.9 cm 
(z-axis), height H = 0.9  cm (y-axis), and spacing of 
d = 1.0 cm (x-axis). The buffer gas in the cell was either pure 
helium or a 6:1 mixture of helium:methane; having a pressure 
of 700 torr at room temperature. The pump beam intensity 
profile incident on the cell was measured before and after 
each test, and the beam diameter corresponding to the 1/e2 
point of a Gaussian fit was recorded to be 0.17 cm ±15%. The 
beam was nearly collimated with a beam area that increased 
by about 5% through the ion chamber. A diagram and image 
of the ion chamber are shown in Fig. 2.

Fluorescence was measured from a small region near the 
front window of the ion chamber. The fluorescence light was 
focused by a 2.5-cm diameter, 5.0-cm focal length lens into 
a multimode fiber, then propagated into a 750-mm Czerny-
Turner spectrometer (Acton SpectraPro 2750) with a liquid-
nitrogen cooled CCD camera.

Fig. 1   The lowest 11 energy states of atomic cesium gas. The group 
of black horizontal lines represents the large density of states near the 
ionization threshold (3.89 eV). The dotted arrows indicate ionization 
pathways through collisions or photon absorption. Note the energy of 
a pump photon is 1.45 eV
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The DPAL ion chamber diagnostic was operated in two 
ways that were uncommon: (1) higher ionization rate than 
typical usage and (2) localized ionization within the beam, 
rather than uniform radiation of the entire cell volume. 
These atypical cases were tested and modeled by Oliker 
et al. [22]. It was found that these factors required higher 
applied voltage to achieve current saturation, but did not 
alter the accuracy of the ionization measurements.

3 � Simulation of laser‑induced ionization 
in cesium

In this section, a model of the expected saturation current in 
an ion chamber measurement is developed, based on known 
cesium excitation processes. The rate constants of the pro-
cesses described in this section are listed in the appendix.

Computational calculation was necessary due the com-
plex interaction of many important energy states, and due 
to pump beam intensity variation along the propagation axis 
caused by absorption. The details of the simulation can be 
found in Ref. [23].

The simulation involved one-dimensional discretization 
along the laser propagation axis (z-axis) into a sufficiently 
large number of slices, n, of constant thickness, Δz . In each 
slice, the laser intensity I(zi) was assumed to be constant 
and the ionization rate Q(zi) was calculated via energy state 
kinetics. The decrease of laser intensity due to absorption 
was determined to obtain I(zi+1) necessary for computing 
the ionization rate Q(zi+1) , and the change in the pump laser 
spectrum during propagation, caused by frequency depend-
ent absorption, was included in the calculation. The beam 
was simulated as a uniform circular (flat-top) beam in the 
x and y axes with beam area Ab = �r2 , where r is the beam 
1/e radius. The 1/e radius was used since a uniform beam at 
this radius has the same peak intensity as a Gaussian. The 
measured 5% increase in laser beam area across the cell was 
ignored since it was found to have a negligible impact.

The total current was the sum of the contributions 
from each cell multiplied by the laser beam area. Note 
that the propagation distance through the chamber is 
L = nΔz = 7.7 cm.

The behavior of the laser excited gas in each slice was deter-
mined by solving a system of ordinary differential equations 
(ODEs). The inputs to the equations were incident spec-
trally-resolved pump power, beam diameter, cesium den-
sity, buffer gas composition, temperature, and pressure. The 
equations included the following processes: spectral pump 
absorption, fluorescence, spin-orbit mixing, quenching, 
energy pooling, Penning ionization, and photoionization. 
Solutions to the system of ODEs were steady-state popula-
tions for the eleven labelled energy states in Fig. 1, pump 
absorption, and ultimately, ionization rate density, Q(zi).

The rates for each excitation or relaxation process 
included in the simulation are provided in the appendix. As 
shown in Fig. 1, all ionization pathways start with absorption 
of a pump photon, which created a significant population 
of 6P3∕2 . (The 6P3∕2 state efficiently spin-orbit mixed with 
6P1∕2 only in the presence of methane.) Next, photon or col-
lisional excitation from the 6P states could occur to levels 
with similar energy, 7P, 6D, or 8S. The collisional process 
is called energy pooling. The photon process has not been 
included in the simulation, since it was negligible at pres-
sures near 1 atm and intensities <100 W/cm2 [11, 24]. The 
final ionization step can be photonic or collisional, called 
photoionization or Penning ionization, respectively. At the 
pump laser intensities of the experiment, the dominant ioni-
zation pathway was expected to involve (1) pump photon 
absorption, (2) energy pooling, and (3) Penning ionization.

The rates R (units cm3/s) for collisional processes are 
related to the cross sections � through the following equa-
tion. The values of � used in the simulation are given in the 
appendix.

(1)Isat = eAb

n
∑

i=1

Q(zi)Δz.

Fig. 2   Left: diagram of test 
apparatus including an ion 
chamber and fluorescence 
detector. R

1
 = 1.54 MΩ , R

2
 = 

1.48 MΩ . Voltage supply with 
built-in ammeter, A, generates 
applied voltage, V

a
 . Electrode 

separation along the x-axis and 
laser propagation along the 
z-axis. Right: top view of the 
ion chamber apparatus indicat-
ing laser propagation axis and 
showing fiber-coupled fluores-
cence collector
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where

Here m1,2 is the mass of the collision partners [25].
Energy pooling cross-sections, �ep , that have not been 

previously measured were estimated using an empirical 
model developed by Wallerstein et al. [24]. In the model, 
ΔE is the energy defect, and faster rates occur for exothermic 
reactions compared to endothermic reactions.

(2)R = �vr(T)

(3)vr(T) =

√

8kT

�

(

1

m1

+
1

m2

)

.

(4)𝜎ep ≈

{

(3.58 ± 1.8) × 10−14 exp
[

−0.71 ± 0.28(ΔE∕kT)
]

cm2 if ΔE > 0

(1.60 ± 0.5) × 10−14 exp
[

+0.84 ± 0.04(ΔE∕kT)
]

cm2 if ΔE < 0

4 � Ion chamber measurements

In this section we will compare measured saturation cur-
rents, Isat , of laser-induced ionization in cesium gas using the 
ion chamber diagnostic, against predictions based on known 
cesium kinetic processes. This will allow for assessment of 
the validity of the models in Sect. 5.

Comparison of measurements and simulation with error 
analysis is shown in Figs. 3, 4 and 5. These data sets describe 
saturation current as a function of laser power and alkali 
density and illustrate the effect of buffer gas. All uncertainty 
bars correspond to a 1 � standard deviation.

Fig. 3   Measured (blue stars) and simulated (green triangles) satura-
tion current in an Cs ion chamber for different powers of the ionizing 
laser at low and high Cs density. The dashed lines are linear fits on 

the log plots. Buffer gas was a 6:1 mixture of helium:methane with a 
pressure of 700 torr at room temperature

Fig. 4   Measured (blue stars) and simulated (green triangles) satura-
tion current in an Cs ion chamber as a function of Cs density for two 
different laser powers. The dashed lines are linear fits on the log plots. 

Buffer gas was a 6:1 mixture of helium:methane, and was 700 torr at 
room temperature
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Uncertainty bars on measured saturation current, shown 
in Figs. 3, 4 and 5, was due to measurement noise and the 
variation of current above saturation. The latter were related 
to fluctuations in Cs vapor temperature and related density, 
laser power, and laser spectrum.

Uncertainty bars on simulated saturation current, shown 
in Figs. 3, 4 and 5, was due to uncertainty in experimental 
conditions input into the simulation. The following seven 
parameters were measured during testing and the associ-
ated error was quantified: pump spectrum center wavelength, 
pump spectral width (FWHM), buffer gas pressure, beam 
diameter, pump power, optical loss at windows, and cesium 
density. Note that the first six parameters were directly meas-
ured, and the seventh, cesium density, was calculated from 
measurements of pump transmission. The alkali densities 
based on transmission consistently corresponded to tempera-
tures 1–5 °C hotter than thermocouple readings of the cell 
wall, indicating that the gas temperature inside the cell was 
slightly higher than the outer wall [26, 27]. Monte-Carlo 
analysis was performed to quantify the impact of uncertainty 
in these simulation inputs, resulting in uncertainty on the 
predicted saturation current. Details can be found in Ref. 
[23].

The goal of the comparison of experimental and simula-
tion results was to evaluate the validity of the cesium ioniza-
tion model, which was defined by the rate constants listed in 
the appendix. Because of this, uncertainty in the rate con-
stants was not included in the Monte Carlo analysis, and did 
not contribute to the error bars on the predicted saturation 
current.

The maximum saturation current was measured at 650 nA 
± 2% and simulated at 100 nA ± 45%, which occurred at 
a pump power of 1.2 W (0.97 W absorbed and peak inten-
sity of 100 W/cm2 ) and a cesium density of 2.2 × 1012 cm−3 . 
The measured rate is 6.5× higher than the simulated rate; 
however, both agree that ionization was a rare occurrence 

with less than one ionization occurring for every one million 
absorbed pump laser photons.

The steady-state ion and electron populations have been 
simulated accounting for both recombination and mobil-
ity of the ions and electrons, published separately by the 
authors [22]. The rate constants used in the analysis for the 
helium/methane mixture was 1.0×10−7 cm3 /s for bimolecular 
recombination and 8.7 cm2/Vs for ion mobility at 1 atm and 
273 K. The peak ion density was 5.4×109 cm−3 , which was 
0.3% ionization.

Figure 3 shows that both experiment and simulation pre-
dicted a saturation current that increased quadratically with 
pump power, I ∝ P2 . However, Fig. 4 shows that simulation 
and experiment produced different scaling of the saturation 
current with Cs density, demonstrating a quadratic and a 
cubic power dependence, respectively.

Figure 5 shows that the saturation current is about two 
times larger with a mixture of helium and methane as com-
pared to helium only as buffer gas. The addition of methane 
produced a faster spin-orbit mixing of the 6P state. This 
resulted in a larger saturation current because of the larger 
population in the excited 6P states, producing a larger ioni-
zation rate.

4.1 � Fluorescence measurements

Fluorescent lines were monitored simultaneously with the 
current measurements for three transitions, 7P3∕2 → 6S1∕2 
at 455 nm, 7P1∕2 → 6S1∕2 at 459 nm, and 7D5∕2 → 6P3∕2 at 
697 nm.

The 7P states are shown in the cesium state diagram 
(Fig. 1) since these states were included in the ionization 
simulation. The 7P states are significantly populated via 
known energy pooling collisions.

Conversely, fluorescence was monitored from the 7D 
state, despite the fact that it was not included in the state 

Fig. 5   Measured (blue stars) and simulated (green triangles) satura-
tion current in an Cs ion chamber as a function of laser power for 
two similar Cs densities, but different buffer gas compositions. The 

dashed lines are linear fits on the log plots. The total pressure of both 
buffer gas mixtures was 700 torr at room temperature
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diagram or the ionization model. This was done to exam-
ine the behavior of states outside of the ionization model, 
particularly states that can be included in secondary energy 
pooling, as will be discussed further in Sect. 5.1. The 7D 
state has an energy of 3.23 eV, which is higher than any 
neutral state in the model.

The fluorescent power of all three transitions showed 
similar behavior when the laser power and cesium density 
were varied. The underlying quadratic and cubic power law 
dependencies resembled those of the saturation current dis-
cussed before.

Additionally, the fluorescence remained nearly constant 
with application of a bias voltage of 300 V, which was large 
enough to cause current saturation. This was observed for 
fluorescence from 7P and 7D5∕2 states, as well as from 
highly excited states, 7G to 11D (with fluorescent lines from 
530–575 nm). Fluorescent power was observed to decrease 
slightly with application of the bias voltage, with a maxi-
mum 20% at high pump power and high alkali density. This 
was likely due to slow diffusion of fresh cesium from around 
the beam to replace cesium ions pulled to the electrodes, 
which caused a localized decrease in the number of fluores-
cent particles.

5 � Analysis and interpretation

Ion chamber measurements and simulation predictions 
agreed that ionization was rare with less than one ionization 
event per one million absorbed pump photons (<1 ppm). 
Relative changes in ionization rate showed agreement 
between prediction and measurement that saturation current 
increased as the square of the pump power. The relationship 
is cubic at low intensity and then decreases to quadratic at 
higher intensity due to saturation effects. The relationship 
is expected to drop below quadratic at higher intensity and 
higher saturation of the 6P states. The cubic dependence at 
small-signal is due to the interaction of three excited-state 
cesium atoms to cause ionization.

The dependence of the total current on alkali density was 
under-predicted by one order; the measured dependence was 
cubic, and the predicted dependence was quadratic. The total 
measured rates were up to 6.5× larger at high alkali density 
and high pump power than the predicted rates. The following 
possible causes of the discrepancies between measurement 
and predictions have been investigated: (1) secondary energy 
pooling, (2) sensitivity of ionization to nonuniformity of the 
cesium gas, (3) effects of plasma transport to the electrodes, 
(4) radiation trapping, (5) Stark effect due to the applied 
electric field, and (6) inverse-bremsstrahlung photon absorp-
tion by the plasma.

Processes (3) to (6) can be ruled out based on the argu-
ments given below; however, processes (1) and (2) will be 
scrutinized further in Sects. 5.1 and 5.2.

Radiation trapping is a process in which a fluorescence 
photon is re-absorbed elsewhere in the gas producing 
another fluorescence photon. This process can occur pos-
sibly multiple times. Radiation trapping is unlikely to have 
had a significant effect in our experiment since the pump 
absorption length of > 0.7 cm was longer than the beam 
diameter of about 0.2 cm.

The impact of perturbations of the cesium atoms due to 
the electric field, known as the Stark effect, were likely neg-
ligible. Generally, the Stark effect occurs when an applied 
electric field alters the energy states of a particle by pull-
ing the electrons and nuclei in opposite directions. In the 
experiment, a maximum electric field of 500 V/cm was 
applied to the cesium gas, which is 6 orders-of-magnitude 
smaller than the field experienced by the ground-state val-
ance electron due to the nucleus, which is approximately 
214 MV/cm (based on a cesium atomic radius of 0.26 nm 
[28].) The calculated ionization potential decrease of cesium 
in the experiment due to the applied field of 500 V/cm is 
0.4% from 3.89 to 3.87 eV, which is not expected to cause a 
significant change to 852 nm laser induced ionization [29].

Inverse-bremsstrahlung is a process that allows charged 
particles to absorb incident radiation. The process requires a 
collision partner to perturb and oscillate the charged particle, 
enabling it to accept the energy of the photon as increased 
kinetic energy. This effect is efficient at certain high plasma 
densities; however, it is minimal at the range of plasma den-
sities in the experiment [30, 31].

5.1 � Secondary energy pooling

We are considering secondary energy pooling, a collisional 
process between a 6P state and a higher energy state, result-
ing in the formation of a highly excited Rydberg state just 
below the ionization limit. This process could occur in col-
lisions between the 6P states and either the 5D or 7S states, 
which would be formed after relaxing from higher states, 
6D, 7P, and 8S. We are referring to this process as second-
ary, since it occurs after an initial energy pooling collision 
generates population in the 6D, 7P, and 8S levels.

Such secondary energy pooling, or another collisional 
process, could account for the higher measured dependence 
of saturation current on cesium density. However, the col-
lisional cross-sections for secondary energy pooling have 
been estimated in Table 1 and predict that the process is slow 
compared to Penning ionization from the 6D, 7P, and 8S 
states (see appendix). The rates have been calculated using 
Eq. (4), based on transitions from 5D to 8P, 7D, 9S, 5F, and 
5G, and from 7S to 74 different states from 3.68–3.84 eV. 
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The energy states are based on transitions tabulated by San-
sonetti [32].

Secondary energy pooling is unlikely to fully explain the 
difference between measured and predicted saturation cur-
rent. However, it is likely to be the cause of two observations 
in fluorescence measurements.

First, this could explain why the dependence of fluores-
cence on cesium density from 7P and 7D was nearly the 
same. The 7P states can be populated directly by energy 
pooling from 6P collisions; whereas, 7D cannot. However, 
rapid mixing of Rydberg energy states by energy pool-
ing would cause many states to have similar fluorescence 
dependence.

Second, fluorescence from Rydberg states was not sig-
nificantly impacted by application of an electric field, which 
was sufficient to cause current saturation. This indicates that 
the Rydberg states are not populated by electron/ion recom-
bination, as previously suggested [24], since current satu-
ration indicates that recombination is negligible compared 
to drift of the charged particles to the electrodes. Instead, 
Rydberg states may be populated by collisions involving 
(neutral) Cs atoms, such as by secondary energy pooling.

5.2 � Nonuniform distribution of Cs

Saturation current of the ion chamber was sensitive to den-
sity variations of the cesium gas, which was likely the domi-
nant cause of discrepancies between measured and simulated 
results.

These density variations resulted from a nonuniform 
temperature distribution in the probed Cs vapor volume. 
Likely causes were condensation at windows and electrode 
surfaces, convection, and nonuniform heat exchange though 
the cell walls.

The range of cell temperatures investigated was 25 ◦C , 
which produced an order-of-magnitude change in average 
cesium density and three orders-of-magnitude change in 
saturation current. This exemplifies how sensitive the satu-
ration current responds to changes in the Cs density, and 

indicates that local maxima can increase the total current 
without changing total pump absorption. Nonuniformity of 
cesium gas is capable of accounting for both absolute differ-
ences between experimental and simulated saturation rates, 
and relative differences in the dependence on integrated 
cesium density.

In future testing, it is recommended to include a window 
along the beam path that can be used to image fluorescence 
and determine if any bright spots corresponding to dense 
cesium exist.

6 � Conclusions

An ion chamber diagnostic was shown to be an effective tool 
in measurement of the laser induced ionization rate of a buff-
ered cesium gas excited along the D2 transition (852 nm), 
which is the typical setup of a cesium diode pump alkali 
laser (DPAL) gain medium. An ion chamber creates a direct 
measurement of ionization rate, since the saturation current 
is equal to the total rate that ion/electron pairs are generated 
in the gas volume. As such, this study was the first direct 
measurement of the ionization rate in a DPAL gain medium.

A DPAL ionization model was developed, and its results 
were compared against measurements using an ion chamber. 
The simulation was shown to predict the measured satura-
tion current to within an order-of-magnitude at pump powers 
up to 1.2 W, peak intensities up to 100 W/cm2 , and average 
cesium densities up to 2.2 × 1012 cm−3.

The dominant ionization mechanism under the experi-
mental conditions was simulated by three excitation steps: 
(1) pump photon absorption, (2) collisional energy pooling, 
and (3) collisional Penning ionization. Photon processes 
become increasingly dominant in multi-kilowatt DPAL 
systems with intensities of 1–10 kW/cm2 , and should be 
investigated further. These photon processes are off-resonant 
absorption and photoionization.

At the maximum pump laser power and cesium density, 
the measured saturation current was 650 nA and the simula-
tion predicted 100 nA. The mostly likely cause of discrepan-
cies between measured and simulated results was a nonuni-
form cesium density in the ion chamber. Experimental and 
simulation results were in agreement that the saturation cur-
rent of the ion chamber had a roughly quadratic dependence 
on pump power over the range investigated, but were in disa-
greement on the dependence of saturation current on average 
cesium density; the measured dependence was roughly cubic 
and the predicted dependence was roughly quadratic.

Secondary energy pooling, a collisional excitation pro-
cess resulting in excitation to near the ionization threshold, 
was further investigated with simultaneous fluorescence and 
ion chamber measurements. It was found that the process 
was unlikely to fully account for the difference between 

Table 1   Estimated secondary energy pooling collision cross-sections 
based on Eq. (4) from Wallerstein et al. [24]

Secondary pooling reaction Total cross-section 
[ ×10−16 cm2]

6P
1∕2 + 5D

3∕2 → Cs
∗∗ + 6S

1∕2 797
6P

3∕2 + 5D
3∕2 → Cs

∗∗ + 6S
1∕2 342

6P
1∕2 + 5D

5∕2 → Cs
∗∗ + 6S

1∕2 764
6P

3∕2 + 5D
5∕2 → Cs

∗∗ + 6S
1∕2 402

6P
1∕2 + 7S

1∕2 → Cs
∗∗ + 6S

1∕2 3712
6P

3∕2 + 7S
1∕2 → Cs

∗∗ + 6S
1∕2 7522
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measured and predicted ionization rates, but it is likely to 
be the process creating populations of high energy states 
observed in the fluorescence measurements.

Finally, fluorescence from Rydberg states was mini-
mally affected by application of a 300 V electric field 
(sufficient for current saturation). This indicated that high 
energy states were populated via a neutral particle process, 
such as secondary energy pooling, rather than via electron/
ion recombination, as has been previously suggested [24].

Appendix A: Simulation rate constants

Cross-sections used to determine kinetic rate constants in 
cesium excitation and ionization simulations are shown 
in Table 2. Fluorescence parameters including branching 
ratios are shown in Table 3.

Table 2   Cesium energy state 
kinetics parameters, listed 
as collision or photon cross-
sections ( �)

The abbreviations Est. and Max. indicate an estimation and an upper bound, respectively

Process � Unc. Temp. References
(×10−16 cm2) (×10−16cm2) (K)

Spin-orbit mixing (methane)
  6P

3∕2 + CH
4
→ 6P

1∕2 + CH
4

21.36 0.01 298 K [33, 34]
Quenching

  6P
1∕2 + CH

4
→ 6S

1∕2 + CH
4

0.019 Max. 313K [35]
  6P

3∕2 + CH
4
→ 6S

1∕2 + CH
4

0.019 Max. 313K [35]
Energy pooling

  2 6P
1∕2 → 6S

1∕2 + 6D
3∕2 130 30 337–365 K [36, 37]

  2 6P
1∕2 → 6S

1∕2 + 6D
5∕2 80 40 337–365 K [36]

  2 6P
1∕2 → 6S

1∕2 + 7P
1∕2 38 18 337–365 K [36]

  2 6P
1∕2 → 6S

1∕2 + 7P
3∕2 13 4 337–365 K [36]

  2 6P
1∕2 → 6S

1∕2 + 8S
1∕2 0.33 0.17 337–365 K [36]

  6P
1∕2 + 6P

3∕2 → 6S
1∕2 + 6D

3∕2 49 Est. 350–597 K [24, 38]
  6P

1∕2 + 6P
3∕2 → 6S

1∕2 + 6D
5∕2 58 Est. 350–597 K [24, 38]

  6P
1∕2 + 6P

3∕2 → 6S
1∕2 + 7P

1∕2 2.4 Est. 350–597 K [24]
  6P

1∕2 + 6P
3∕2 → 6S

1∕2 + 7P
3∕2 4.7 Est. 350–597 K [24]

  6P
1∕2 + 6P

3∕2 → 6S
1∕2 + 8S

1∕2 4.6 Est. 350–597 K [24]
  2 6P

3∕2 → 6S
1∕2 + 6D

3∕2 27 9 337–365 K [36, 37]
  2 6P

3∕2 → 6S
1∕2 + 6D

5∕2 56 28 337–365 K [36]
  2 6P

3∕2 → 6S
1∕2 + 7P

1∕2 1.8 0.8 337–365 K [36]
  2 6P

3∕2 → 6S
1∕2 + 7P

3∕2 1.8 0.9 337–365 K [36]
  2 6P

3∕2 → 6S
1∕2 + 8S

1∕2 5.2 2.2 337–365K [36]
Penning ionization

  Cs∗∗ + 6P → 6S
1∕2 + Cs

+ + e
− 12,900 Est. 470 K [39]

  Photoionization [11, 24]
  Cs∗∗ + h� → Cs

+ + e
− 0.2 Est. N/A [40, 41]
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