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Ablation plume structure and dynamics in ambient gas observed by 
laser-induced fluorescence imaging spectroscopy 
 

 

M. Miyabe,a) M. Oba, H. Iimura, K. Akaoka, K. Ali, M. Kato, and I. Wakaida 

 

Research Group for Fuel Debris Characterization, Nuclear Science and Engineering Center 

Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan 

 

 

The dynamic behavior of an ablation plume in ambient gas has been investigated by laser-induced 

fluorescence imaging spectroscopy. The second harmonic beam from an Nd:YAG laser (0.5 - 6 J/cm2) 

was focused on a sintered oxide pellet or a metal chip of gadolinium. The produced plume was 

subsequently intersected with a sheet-shaped UV beam from a dye laser so that time-resolved 

fluorescence images were acquired with an intensified CCD camera at various delay times. The 

obtained cross-sectional images of the plume indicate that the ablated ground state atoms and ions of 

gadolinium accumulate in a hemispherical contact layer between the plume and the ambient gas, and a 

cavity containing a smaller density of ablated species is formed near the center of the plume. At earlier 

expansion stage, another luminous component also expands in the cavity so that it coalesces into the 

hemispherical layer. The splitting and coalescence for atomic plume occur later than those for ionic 

plume. Furthermore, the hemispherical layer of neutral atoms appears later than that of ions; however, 

the locations of the layers are nearly identical. This coincidence of the appearance locations of the 

layers strongly suggests that the neutral atoms in the hemispherical layer are produced as a 

consequence of three-body recombination of ions through collisions with gas atoms. The obtained 

knowledge regarding plume expansion dynamics and detailed plume structure is useful for optimizing 

the experimental conditions for ablation-based spectroscopic analysis. 
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I. INTRODUCTION  

 

In the past few decades, laser ablation has become a key technology having extensive practical and 

research-oriented applications including pulsed laser deposition (PLD) of thin films [1], ultraviolet (UV) light 

source for lithography [2], laser-induced breakdown spectroscopy (LIBS) [3], laser-ablation inductively 

coupled plasma mass spectrometry [4], and fundamental atomic spectroscopy [5], where the ablation plume is 

produced under various experimental conditions. Accompanying this expansion of the fields of laser ablation 

application, a significant amount of research on plume characteristics has been conducted mainly by means of 

laser-induced plasma emission spectroscopy [6]. In emission spectroscopy, a majority of the deduced 

information pertains to highly excited atoms in a plume. However, for some applications, evaluating the 

behavior of ground state and metastable atoms (hereafter shortly ground state atoms) in detail is desirable. For 

instance, many researchers are currently developing LIBS techniques with improved sensitivity utilizing both 

ground state and highly excited atoms, such as double pulse LIBS [7, 8], combined LIBS and laser-induced 

fluorescence (LIF) [9, 10], resonant LIBS [11], resonance-enhanced LIBS [12], spark discharge LIBS [13], 

and microwave-assisted LIBS [14-16]. Additionally, the properties of PLD-produced thin films, such as 

thickness and stoichiometry, are determined to a great extent by the spatial distribution of ground state atoms 

because this is a major component of the ablated species in a plume. 

Presently, we have investigated various characteristics of ground state atoms in ablation plumes using laser 

ablation absorption spectroscopy (LAAS) [17-19] to develop remote isotope analysis for highly radioactive 

nuclear fuels [20-22]. We used a low pressure gas environment because the measurement of highly resolved 

absorption spectra for ablated species requires a reduction of Stark and pressure broadenings. Because the 

plume expansion in this case is considerably affected by the ambient gas, it is of great importance to evaluate 

the spatiotemporal distribution of the ablated species in gas for sensitive analysis. Our previous study revealed 
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that the absorption spectrum for ablated species splits into two symmetrical peaks under particular 

experimental conditions, and the splitting interval gradually decreases with time after ablation [20]. From the 

splitting behavior owing to the Doppler effect, it was inferred that most of the ablated species accumulate in a 

hemispherical layer at a boundary between the expanding plume and the ambient gas, and that a cavity 

containing a lower density of ablated species develops in the region surrounded by the layer. Because very few 

studies have reported such a hollow plume structure, experimental confirmation of the expected distribution 

and a detailed analysis of the formation of this structure are desirable for applications using the laser ablation 

technique. 

Most previous studies concerning plume structure have utilized emission imaging spectroscopy [23-28]. 

From the observed emissivity distributions, several researchers have estimated the cross-sectional number 

density distributions of highly excited atoms using Abel inversion [29-30]. In contrast, for the study of the 

distribution of ground state atoms in a plume, LIF and absorption imaging techniques have been employed. 

For example, Gilgenbach et al. demonstrated dye-laser resonance absorption photography in the early 1990s 

[31]. Around the same time, the LIF imaging technique using a sheet-shaped laser beam was introduced to 

observe the cross-sectional structure of the irradiated portion of a plume [32-35]. Nakata et al. compared the 

expansion characteristics of ground state and highly excited atoms using fluorescence and emission imaging 

spectroscopy [36].  

As described above, resonant fluorescence imaging spectroscopy is considered to be a powerful and 

established technique for the characterization of plume internal structure. Nevertheless, to our best knowledge, 

no applications of this technique to the detailed study of plume structure evolution have been published, with 

the exception of some partial observation reports [29, 36, 37]. 

Therefore, in the present study we employ LIF imaging spectroscopy to investigate ablation plume 

characteristics in low pressure gas ambient, with particular attention to the formation of the previously 

expected hemispherical thin layer and internal cavity containing a reduced density of ablated species [20]. 

Gadolinium was chosen as a target sample since it can be handled easier than nuclear fuel materials and also is 

a lanthanide having similar electronic structure to actinide. From the present study, we will verify that this 
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structure is actually formed in the plume, and propose a mechanism for the formation of this structure. 

Furthermore, we will discuss how the sensitivities of LAAS and LIBS analyses are influenced by the plume 

structure. 

 

II. EXPERIMENTAL   

 

Figure 1 shows an experimental setup for LIF imaging spectroscopy. The second harmonic radiation from an 

Nd:YAG laser (Spectra Physics, INDI-10, 532 nm, 8 ns) was delivered to a vacuum chamber, and then focused 

normally on a target sample with a lens of 200 mm focal length. Typically a sintered oxide pellet (Rare 

Metallic, 10 mmφ, 10 mm thickness, 99.9%) was used as a sample, whereas in the measurement of chemical 

state dependence a metal chip of gadolinium (High Purity Chemicals, 10 mm × 10 mm, 1 mm thickness, 

99.9%) was also utilized. The lens–sample distance was adjusted to place the focal point at a position 

approximately 1 mm behind the surface of the irradiated sample. The sample stage was rotated at a rate of 

about 2 rpm to avoid the crater effect. The pulse energy was normally set to 0.5 mJ (fluence: 1.5 J/cm2); in the 

measurement of ablation energy dependence the energy of 0.15 mJ was also examined. The pulse energy was 

monitored during measurements using a pyroelectric detector (Ophir PE-30), and was adjusted by rotating the 

linear polarization angle of the beam with respect to a polarizing beam splitter cube using a half-wave plate. 

Helium (purity 99.99%) was typically employed for the ambient gas, but two other gases (argon and xenon: 

purity 99.99% each) were also employed individually for the ambient gas. After evacuating the chamber with a 

vacuum pump and flushing several times with the gas, the chamber was filled with the gas, and the pressure 

was maintained constant owing to continuous pumping and gas flow. The LIF images were acquired in helium 

ambient at a pressure of 800 Pa unless described otherwise. The pressure was monitored with a capacitance 

manometer (MKS, Baratron) for lower pressure and a convection-enhanced Pirani gauge (Granville-Phillips, 

475series) for higher pressure, and the flow rate was controlled with a flow regulating valve.  

The produced ablation plume was subsequently intersected with a probe beam from a tunable dye laser 

(Sirah, Cobra-Stretch, DCM dye) that was equipped with a harmonic generator (BBO) and was pumped by 
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another Nd:YAG laser (Spectra Physics, INDI-10). The UV probe beam was first expanded with a quartz 

concave lens (focal length: −250 mm) and then converted into a thin sheet-shaped beam by passing through a 

slit (gap width: 0.5 mm) located in front of the sample to avoid generating interference fringes. The fluence at 

the sample stage was set at approximately 2 mJ/cm2. The wavelength of the dye laser was monitored with a 

wavemeter (Coherent, WaveMaster). When the dye laser was tuned to the resonance wavelengths of the 

gadolinium atoms and ions, fluorescence was emitted from the portion of the plume irradiated by the probe 

beam. In the present study, we chose two intense excitation transitions both originating from the ground states 

of Gd atoms and ions, as shown in fig. 2. Many relaxation transitions arise from these excited states, as listed 

in Table 1. The fluorescence transitions used to measure the images for atoms and ions shown in fig. 2 were 

chosen considering the magnitude of the branching ratio and the wavelength difference from the excitation 

transition.  

LIF images were obtained using an intensified CCD (ICCD) camera (Andor, DH334T-18F-03) from a 

direction orthogonal to the probe beam. The spatial resolution of the image is estimated to be around 100 µm 

considering pixel size of the camera and an error in focus adjustment. Placing an interference filter (passband: 

10 nm, transmission: 16.5 % at 346.899 nm for the 350 nm-band filter, 30.0 % at 476.383 nm for the 480 

nm-band filter) in front of the camera, LIF images with higher contrast were obtained by blocking the plasma 

emission from the plume and stray light from the YAG lasers. For measurement of the UV fluorescence image, 

UV grade optics (lens, windows, and mirrors) were used between the camera and the plume. According to the 

camera specification sheet, the sensitivity of the ICCD camera at 480 nm is higher than that at 350 nm by 

factor 1.7. 

Figure 2 also shows a schematic of the firing timing of the ablation and probe lasers along with the gate 

timing of the camera. These timings were controlled using a multichannel delayed pulse generator (SRS, 

DG645). The plume observation timing was adjusted by varying the delay time between the 8 ns probe pulse 

and the 8 ns ablation pulse generally in the range 0.1–5.0 µs. Additionally, from a preliminary experiment, the 

delay of the camera gate from the onset of the probe laser irradiation and the gate width were optimized to be 

10 ns and 100 ns, respectively. 
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We used the image processing software package (Andor, SOLIS) for analysis of the acquired images. 

Despite the use of interference filters with 10 nm passbands, several plasma emission lines lie in the narrow 

transmission band. For examples, table 2 summarizes ten of the most intense emission lines transmitted 

through the filters utilized. Hence, we imaged the plasma emission alone by blocking the probe laser beam 

after obtaining LIF images; by subtracting the emission image from the corresponding LIF image using the 

image processing software, higher contrast LIF images were obtained. The typical emission intensity was an 

order of magnitude lower than the fluorescence intensity. 

Figure 3 shows the calculated absorption spectra for the Gd I 313.692-nm line together with the measured 

spectral profile of the dye laser. These absorption spectra were calculated from the natural isotope abundance 

and the reported isotope-shift data [38] considering the relative isotope shift factors [39, 40]. Generally the 

absorption spectrum for ablated species becomes narrower at larger delay time from ablation owing to the 

reduction of Stark and Doppler broadenings. In this figure, absorption spectra with Gaussian linewidths of 5 

GHz (b) and 1 GHz (c) are shown as examples at smaller and larger delay time from ablation. At smaller delay 

time, the resonances for all isotopes overlap to form a single broad peak. On the other hand the dye laser 

bandwidth was measured to be about 3 GHz using a solid etalon (Free Spectral Range: 12 GHz, Finesse: 20). 

From the cavity length of about 40 cm, the longitudinal mode spacing of the dye laser is estimated to be 0.37 

GHz. Since the absorption profile contains more than 8 longitudinal modes, the dye laser can be treated as a 

quasi-continuum light source [41]. 

 

III. RESULTS AND DISCUSSION 

3.1. Wavelength dependence on LIF images 

 

To confirm that the observed LIF image arises from the expected transition, we first acquired images by 

scanning the probe laser wavelength near the atomic transitions shown in fig. 2 in increments of 0.002 nm. 

Figure 4 shows the LIF images for Gd atoms and ions obtained at four different delay times, where the images 

labeled with “0 nm” were acquired with a probe laser beam tuned to the resonant wavelength. In these figures, 
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the rightmost images were acquired with the longest wavelength of the probe laser and vice versa. Figures 4(a) 

and (c) show the plume at early stages of evolution for delay times of 0.3 and 0.5 µs, respectively, whereas (b) 

and (d) show the later stages for delay times of 0.7 and 1.5 µs, respectively. The actual physical size of each 

image is approximately 9 mm × 9 mm. From these figures it is found that the images have higher contrast in 

comparison with the plasma emission. Also, in these figures, the bright portion of the image and the brightness 

of the plume vary with varying probe laser wavelength, indicating that the observed LIF images must arise 

from the transitions of interest.  

As expected from our previous study, the ablated ground state atoms and ions accumulate in a hemispherical 

boundary layer between the plume and the ambient gas, and a cavity containing a lower density of ablated 

species is formed in the region surrounded by the layer, particularly at later stages. When the laser detunes to a 

shorter wavelength, the left side (the downstream side) of the plume becomes brighter. In contrast, when 

detuning to a longer wavelength, the right side (the upstream side) of the plume becomes brighter. Thus, this 

variation in the luminous portion is attributed to the Doppler effect. It should be noted that this variation is 

more remarkable for early images of the plume ((a) and (c)). This indicates that plume expansion is only 

slightly decelerated by the ambient gas at early stages, whereas expansion nearly stops at a delay time of 1.5 

µs.  

From the images acquired with the resonance light (0 nm), it is clear that the rightmost and leftmost parts 

of the plume, having large opposite horizontal velocities can be simultaneously excited by the probe laser 

beam tuned to the center wavelength of the resonance even at an earlier stage. This indicates that the 

bandwidth of the dye laser utilized and the absorption linewidth of the Gd transitions are sufficiently large in 

comparison with the Doppler effect arising from the expansion velocity of the plume under the present 

conditions. 

 

3.2. Temporal evolution of plume structure for the Gd oxide sample 
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Figure 5 shows the temporal evolution of the plume structure in the delay time range of 0.2–5.0 µs obtained 

under equivalent experimental conditions of those for fig. 4. For comparison, each LIF image is normalized by 

its own maximum intensity, whereas, in actuality, the intensity rapidly decreases with time.   

These figures indicate that the plume structure of atoms is more complicated than that of ions. For the atomic 

plume shown in fig. 5(b), the presence of an outer layer having a characteristic hemispherical shape becomes 

visible from 0.3 µs and pronounced around 0.6 µs, whereas a more luminous and isotropically expanding 

component appears close to the surface even at 0.2 µs. This inner component expands more rapidly in the 

cavity than does the outer layer so that the two begin to coalesce at around 1.5 µs. In the case of the ionic 

plume shown in fig. 5(a), both the hemispherical layer and the inner luminous component are observed at 0.2 

µs. Furthermore, the inner component propagates more rapidly in the surface normal direction than does the 

inner component of the atomic plume so that it coalesces into the hemispherical layer earlier, at around 0.5 µs. 

To the best of our knowledge, this hemispherical layer formation and the different behaviors for ionic and 

atomic plumes are shown here for the first time, whereas the plume splitting and coalescence have been 

reported by several researchers [1, 23, 26]. The formation of a hemispherical layer for ionic and atomic plumes 

is considered to arise from the ion–electron recombination process for doubly and singly charged ions, 

respectively, which will be discussed later. 

At a later expansion stage shown in this figure, the plume boundary becomes unclear and shrinks slightly 

prior to its disappearance. According to Monte Carlo simulations of plume dynamics [42], it has been shown 

that, after plume expansion ceases, the plume boundary shrinks slightly owing to the overexpansion effect and 

again starts to expand (plume oscillation) [43, 44]. Thus, the observed shrinkage can be interpreted as this 

behavior. However, this figure also shows that the atomic plume begins to shrink at a later time than the ionic 

plume. This temporal difference is difficult to explain using a simple hydrodynamic mechanism. The 

difference may be caused by the escape of charged species from the plume through Coulombic repulsion.  

Figures 6 and 7, respectively, show the fluorescence intensity distributions along the surface normal 

(longitudinal) and the horizontal (lateral) axis at a 0.5 mm height relative to the sample surface. These profiles 
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were obtained from fig. 5 by averaging the data over a 150 µm width along each axis to improve the 

signal-to-noise ratio. In fig. 6, all plots were drawn according to a common intensity scale; thus, the intensity 

variations can be compared throughout the progression of plume evolution. However, in fig. 7, the intensity 

was normalized by its maximum value for each plot to readily identify the peaks.  

As shown in fig. 6, the fluorescence signal derived from the hemispherical layer for ions is slightly more 

intense than that for atoms. Considering the branching ratios, the detection sensitivities of the camera and the 

transmissions of the filters for the atomic and ionic fluorescence transitions, the maximum population of ions 

in the ground state at 4 mm and 1 µs is estimated to be approximately 2.3 times larger than that of atoms at 4.5 

mm and 3 µs. This larger population of ions is consistent with the interpretation that the recombination is a 

dominant process for forming a hemispherical layer.  

In this estimation, the difference in the oscillator strengths for the excitation transitions was neglected 

because the excitation transitions were almost saturated under the present conditions. Figure 8 shows a typical 

saturation characteristic for the Gd II 309.865-nm line. The similar curve was also measured for the Gd I 

313.692-nm line. This curve was obtained by averaging the LIF intensity in the area of 300 x 300 µm2 around 

the center of the plume from the images measured with various fluences of the probe laser at a delay of 1 µs. 

From this figure, it is found that the fluence of 2 mJ/cm2, at which the LIF images were acquired, is enough to 

saturate this transition. The slight signal variation at this fluence most likely occurs because the absorption 

spectrum is broader than the laser bandwidth as shown in fig. 3. 

In this figure, the intensity of the inner component of atoms decreases rapidly in the delay time range of 

0.2–0.8 µs. However, considering the increase in the volume of this component during this period, it is 

evaluated that the spatially integrated fluorescence intensity is increasing rather than decreasing. The most 

probable mechanism for producing atoms in the inner component is the dissociation of gadolinium oxide 

molecules directly released from the sample surface. This speculation is supported by the different behaviors 

of the inner components observed for the metal samples, which will be described later. 

Figure 7 is noteworthy in that the intensity distribution of atoms exhibits a sharp outward edge, whereas that 

of ions exhibits a long tail having a gentle slope beyond the intensity peak at the hemispherical layer. This 
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difference can be explained if we assume that the principal neutralization process of ions is the three-body 

recombination, requiring simultaneous collisions with ions, electrons and gas atoms, as discussed later. 

Generally a majority of the species directly ablated from sample surface are ions and the ions expand faster 

than neutral atoms. Thus we consider the collisions of ions with gas atoms in the contact layer, having higher 

density of the species. 

The ions escaping heavy collisions with gas atoms are not significantly decelerated and not neutralized. 

Thus they are distributed over extensive distance from the layer, leading to the intensity distribution having a 

long and gentle slope as shown in fig. 7(a). On the other hand, the ions once heavily collided with gas atoms 

are further decelerated owing to the subsequent multiple scattering, because they are unable to escape from the 

contact layer and the scattering cross section increases with decreasing particle velocity. Since the 

recombination rate also increases with decreasing the velocity, slower ions tend to be neutralized with higher 

rate. Thus many of the slow atoms are produced in the hemispherical layer whereas few atoms appear outside 

of the layer, which makes the slope outside of the layer steeper than inside as shown in fig. 7(b).  

Features similar to the intensity distributions observed for atoms and ions are also observed in the emission 

images arising from highly excited species. Figure 9 shows four emission images obtained in the absence of 

the sheeted probe beam with a camera exposure time of 100 ns. Each image is normalized by its own 

maximum intensity to facilitate comparison with the images given in fig. 5. As listed in Table 2, some of the 

emission lines of highly excited ions and atoms are transmitted through the 350 nm and 480 nm filters, 

respectively. Thus, the emission images can be used to distinguish the spatial distributions of these species. 

The excited ions shown in fig. 9(b) are loosely distributed around the plume periphery, whereas the distribution 

of the excited atoms in fig. 9(a) is limited to the region surrounded by the hemispherical layer. Because this 

emission image is not a cross-sectional view of the plume, unlike the LIF images, it is unclear whether the 

excited atoms exist only within the layer or also within the cavity. However, the differences in these emission 

images further supports our speculation because recombination produces many highly excited atoms (most 

probably Rydberg atoms), which subsequently decay to the ground state through cascade relaxation, and there 

are few excited atoms outside the layer. 
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3.3. Ablation pulse energy dependence 

 

The plume structure varies with the pulse energy of the ablation laser. For ablation-based spectroscopic 

analysis, a pulse energy range of 0.1–10 mJ is considered to be most appropriate. Thus, we further acquired 

LIF images for pulse energies of 0.15 mJ (0.5 J/cm2) and 2 mJ (6.7 J/cm2) with all other experimental 

conditions being equivalent to those for fig. 5. The obtained results are shown in fig. 10, and the longitudinal 

and lateral intensity profiles for the condition of 0.15 mJ irradiation are shown in figs. 11 and 12, respectively. 

For comparison, the intensity scale of fig. 11 is matched with that of fig. 6.  

From fig. 11(a), it is clear that the plume size is smaller, and the intensity decreases more rapidly, 

particularly for ions, relative to the data presented in fig. 6(a). In the case of fig. 6(a), the intensity around the 

hemispherical layer is nearly constant in the delay time range 0.3–1.0 µs, suggesting that the production of 

ground state ions through recombination and subsequent relaxation from doubly charged ions is predominant. 

In contrast, the intensity in fig. 11(a) decreases monotonically. Thus, this difference suggests that fewer doubly 

charged ions are produced in the plume for 0.15 mJ irradiation. 

It is noteworthy that the intensity around the hemispherical layer for atoms ablated with lower pulse energy 

(fig. 11(b)) is slightly higher than that with higher energy (fig. 6(b)). This can be interpreted as follows. If the 

ablation energy increases, a larger number of higher excited and higher charged species are produced in 

comparison to the ground state atoms. Some of these can decay back to the atomic ground state through 

recombination and/or cascade relaxation processes, whereas the remaining component is lost during these 

processes through clustering or oxidization. Because a cascade relaxation rate is generally low, this lengthens 

plume persistence time but reduces fluorescence intensity. Moreover, as shown in figs. 5 and 10, the plume 

size increases considerably with increasing ablation energy. Thus, while the total amount of ablated species 

increases with increasing ablation energy, the number density of ground state atoms in the hemispherical layer 

increases to a lesser extent.  
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This fact influences the optimum choice of ablation energy for LAAS and LIBS analyses as well, but does 

so differently for the two methods. LAAS analysis measures the line-of-sight absorption over a limited portion 

of the plume. Because the measured quantity is proportional to the number density of ground state atoms, the 

absorption signal increases to a lesser extent than does the total amount of ablated species with increasing 

ablation energy. In contrast, for LIBS in which the emission can be integrated over the entire plume for the 

entire duration, higher analytical sensitivity can be achieved for higher ablation energy. This finding is of 

practical importance for LAAS because minimum necessary ablation energy (∼ 0.15 mJ) can avoid releasing 

large fragments from the sample, enabling more precise analysis with lower sample consumption. 

From figs. 10(c) and (d), it is apparent that the plume size is larger and that an observable LIF intensity is 

retained for a longer duration (up to 30 µs) for the 2.0 mJ irradiation case. Additionally, the plume structure at 

an earlier stage is still similar to that shown in fig. 5, whereas the inner structure becomes unclear at a later 

stage. With increasing ablation energy, larger fragments tend to be released from the surface, which increases 

the shot-to-shot fluctuation of the plume structure. The obscuration of the plume structure observed for 2 mJ 

irradiation is, therefore, partly due to the averaging of the highly fluctuating plume images obtained over 60 

laser shots. From this result, it is suggested that the plume structure given in figs. 5 and 10 should be 

considered for the development of sensitive LIBS as well as LAAS.  

 

3.4. Fluorescence intensity peak analysis using theoretical models 

 

Sensitive analysis using ablated ground state atoms requires knowledge of the peak position of the density 

distribution. Figure 13 shows the temporal variations in the distance of the fluorescence peak from the ablation 

spot evaluated from figs. 6 and 7. Figures 13(a) and (b) show these temporal variations for the longitudinal 

direction, whereas fig. 13(c) shows those for the lateral direction at a 0.5 mm height from the sample surface. 

In figs. 13(a) and (c), open and filled symbols represent the hemispherical layers for atomic and ionic plumes, 

respectively, whereas fig. 13(b) shows the inner component for atomic plume. In these figures, the data for 

various pressures other than 800 Pa are also included to examine the pressure dependence. These figures 



 13

indicate that the outer hemispherical layer of atoms appears at nearly the same location as that of ions for 

various pressures in both directions, except that the lateral size of the ionic layer is slightly larger than that of 

the atomic layer under lower pressure conditions (fig. 13(c)). The reasonable agreement between the ionic and 

atomic layer locations indicates that neutral atoms in the layer are produced from singly charged ions through 

an ion–electron recombination process.  

For analysis of these distance–time plots, the drag force model and the blast wave model are frequently 

employed. Because the validity of the drag model has been verified for ablated species heavier than gas atoms 

[23, 45], the measured distance from the ablation spot was fit to the following equation: 

( )t
f edd β−−= 1 ,      (1) 

where df and β denote the stopping distance and the slowing coefficient, respectively. Because of the general 

agreement of the outer layer locations for atomic and ionic plumes, we considered their averaged locations in 

this analysis. Table 3 summarizes the parameters determined by fitting the data in fig. 13 to the drag model 

given by equation (1). The estimated error for most of the parameters is around 10%, whereas that for the inner 

component is larger. The smaller slowing coefficients for the inner component indicate that the component can 

propagate more smoothly in the cavity; similar behavior has also been reported in literature [26]. When the 

shockwave is generated during plume expansion, the ablated material pushes the ambient gas away from the 

sample as a piston so that the gas in the plume becomes rarefied (i.e., the snowplow effect) [46-48]. The 

smooth propagation of the inner component suggests that the developed cavity is filled with not only few gas 

atoms, but also few species which cannot be detected with the LIF imaging spectroscopy, i.e. molecules, 

clusters, etc. at least during an expansion stage of the inner component. This interpretation is also supported by 

the study of Yamagata et al, which revealed that the pressure inside the plume is lower than that of the 

surrounding gas especially close to the target surface [49]. 

As is often pointed out, the estimated df value is roughly an order of magnitude larger than the elastic mean 

free path [50-52]. Thus, to check the validity of the obtained df values, a scattering cross-section (σ) was 

estimated using the following relation, by assuming that the stopping distance is five-fold of the mean free 
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path of ablated species in an He ambient: 

gf nd
5

=σ ,       (2) 

where ng denotes the number density of gas atoms. From the longitudinal and lateral expansion parameters of 

the outer layer, the cross-sections were determined to be 0.8 × 10−16 and 1.0 × 10−16 cm2 for Gd ions with 

kinetic energies of 75 and 33 eV, respectively. These values are consistent with the order of magnitude of the 

reported cross-section for the collision of Ag ion with He atom [52] as well as the geometric cross-section of 

atoms given as πa0
2 (= 0.88 × 10−16 cm2), where a0 is the Bohr radius.  

The parameters for lateral expansion under 0.15 mJ irradiation are also listed in Table 3. These values are in 

plausible agreement with those determined from the Doppler splitting effect on the absorption spectra for 

cerium ions (df = 1.8, β = 2.0) in our previous study [20]. This agreement suggests that the Doppler splitting of 

absorption spectra for ablated ionic species was originated from the expanding motion of the hemispherical 

layer which is similar to that shown in fig. 10(a). On the contrary, the Doppler splitting for neutral species 

reported in our previous study was most probably originated from the expanding motion of the inner 

component of the atomic plume.  

As described above, the drag model is suited for the analysis of our present data; however, it is difficult from 

the analysis based on this phenomenological model to obtain a more detailed understanding of the underlying 

physical mechanisms that govern the plume expansion dynamics and the properties of the plume. In the last 

few decades, numerous efforts have been made to construct more general physical models for plume expansion 

into ambient gas under various pressures [53-55]. In the model proposed by Predtechensky and Mayorov (PM), 

an infinitely thin hemispherical layer (of radius d) that expands into ambient gas while experiencing a force 

due to the ambient gas pressure (Pg) is considered. It is assumed that the layer contains both masses of 

confined plume species (Mp) and displaced gas species ((2/3)πρgd3, where ρg is the gas density given as 0.17 

kg/m3 for He). The expanding velocity at a radius d (u(d)) derived from the equation of motion considering the 

balance between the momentum variation in the outer layer and the external pressure force is given as follows: 
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where u0 and c0 denote the initial expansion velocity and the sound velocity in the ambient gas, respectively.  

To determine the parameters a and b for each pressure for the longitudinal expansion of the layer, we first 

calculated, from fig. 13(a), the expansion velocity as a function of the distance, and then the plots of the 

velocity and the distance were fit to equation (3). Furthermore, using the determined parameters, the 

differential equation (3) was numerically integrated under the initial condition d(t = 0) = 0 so as to obtain the 

distance–time profile. Figure 14 shows a typical resultant profile in accordance with the measured data. In this 

figure, all data were expressed using the following dimensionless coordinates: 

dimensionless distance: ad /=ζ , 

dimensionless time: atc /0=τ . 

The solid curve in fig. 14 represents the profile calculated using the PM model for the case of 500 Pa (Mp = 5.4 

µg, u0 = 9.9 km/s). As shown in this figure, all the measured points fall along a single curve, although there are 

some deviations. In the dimensionless coordinates used, the point at ξ = 1 corresponds to the condition where 

the mass of the displaced gas is equal to the plume mass and the expansion exhibits point blast dependence. It 

should be noted that this PM model is constructed by assuming that (i) the secondary shockwave is formed as a 

result of deceleration of the primary outward shockwave in ambient gas, and (ii) the plume species and the 

displaced gas species are separately concentrated in two thin layers sandwiched between these shockwaves 

wherein the layers are in direct contact through a common interface. The good agreement between the 

measurements and the model suggests that these assumptions are well satisfied for the observed plume. In the 

present case, the atomic weight of the plume species is considerably greater than that of the gas species (i.e., 

MGd/MHe is ~40). Thus, the ablated species propagates closely with the contact surface until the later stages of 

evolution, which probably makes the assumption of an infinitely thin layer valid for a longer duration than 
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under conditions where the mass of the ablated species more closely matches that of the gas species. 

 

3.5. Temporal evolution of the plume structure for the Gd metal sample 
 

LIF images were also acquired using a Gd metal sample under equivalent experimental conditions as were 

employed for the oxide sample to evaluate how the plume structure depends on the chemical properties of the 

sample. The obtained images are shown in fig. 15, and the fluorescence intensity distributions along the 

surface normal direction are given in fig. 16. Slightly larger, yet similar hemispherical layers were also 

observed for the metal sample. In comparison with the oxide sample, the most notable difference is the 

behavior of the inner component of the plume. The inner components of both atoms and ions are in contact 

with the metal surface during the early stages. This is presumably because the metal surface is still hot, and the 

ground state atoms and ions of Gd are continuously released even at around 0.5 µs after ablation. The inner 

component gradually diffuses in the cavity and vanishes, forming a simple plume structure. The observed 

monotonic decrease in the density of the inner component suggests that there is no additional production of 

atoms through dissociation of oxide molecules for the ablation of metal samples. The fact that the plume for 

the metal sample is slightly larger than that for the oxide sample can be also explained by the absence of the 

additional energy consumption required to dissociate oxide molecules.  

It is worth noting that the hemispherical layer of atoms for the metal sample is considerably thinner; for 

example, the thickness at a delay time of 1 µs is estimated to be 500 µm (full width at half maximum) from fig. 

16(b). Additionally, careful attention to the plume evolution shown in fig. 5(b) indicates that the thicker outer 

layer for the oxide sample arises from the coalescence of the inner component with the outer layer; thus, the 

outer layer of atoms is probably thin regardless of the chemical state of the sample. This small thickness 

indicates that recombination occurs in a very narrow region wherein the density of ablated species attains a 

value higher than 5x1017 atoms/cm3 considering the mass of the plume species (Mp) determined in Section 3.4. 

In the following section, we will discuss how the thin layer and the cavity form, with particular attention to the 

interaction between the ablated and gas species. 
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3.6. Dependence of the plume structure on gas conditions 
 

To investigate the role of the ambient gas on the formation of the plume structure, we obtained LIF images 

under conditions of varying helium gas pressure. Figure 17 shows the plume images obtained at a delay time 

of 0.5 µs for various pressures in the range 10 Pa to 13.2 kPa. In the case of ablation in a vacuum, 

approximately two components having different velocities appear [22]. One of these is a faster component 

arising from ionic species accelerated with the potential double layer [56], which is built up by electrons 

escaping from the initially generated plume and in which there is an electric field outwardly attracting positive 

ions. The other is a slower component arising from the atoms and ions both which are accelerated solely by the 

Knudsen layer effect [57]. The pressure dependence shown in fig. 17 indicates that the slower atomic 

component and the faster ionic component in vacuum turn into the inner components of atoms and ions in the 

gas, respectively, and the outer layers in the gas are missing in the plumes in vacuum for both the species. This 

suggests that a charge decrease process such as the neutralization of ions is prompted by a collisional 

interaction with ambient gas. 

Furthermore, fig. 17 shows that the fluorescence intensity distribution varies from unidirectional to isotropic 

with increasing gas pressure, whereas a majority of ablated species move in a direction normal to the surface in 

a vacuum. This suggests that the initial unidirectional kinetic energy of the plume is converted to an isotropic 

distribution as a result of multiple scattering between the ablated and gas species, resulting in the formation of 

the hemispherical plume boundary. Because the plume size approaches the spatial resolution of the image, the 

hemispherical layer becomes unclear at a pressure higher than 5 kPa. Moreover, for a higher pressure region, 

owing to the intense plume confinement, the number density of the ablated species and their collision 

frequency increase; thus, the plume is probably homogenized more rapidly. According to the latest emission 

imaging studies, however, the internal structure is still observed even for a plume under atmospheric pressure 

[58]. The mechanism by which the structure forms is reported to be mainly due to the plasma shielding effect, 

which is different from the lower pressure ambient case. Because the knowledge of the plume structure under 
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atmospheric pressure is of practical importance for LIBS and LAAS [59], it is desirable to examine more 

detailed structure variation between vacuum and atmospheric pressure. 

Finally, to study the influence of the atomic weight of the gas on the plume structure formation, LIF images 

were acquired at a delay time of 1 µs using three gases (He, Ar, and Xe), as shown in fig. 18. The pressure of 

each gas was chosen to produce nearly equivalent final plume sizes. From fig. 18, it is clear that the cavity size 

is larger for lighter gases. This structure variation relative to the mass of the ambient gas can be interpreted as 

follows. In the case of Xe, because of the small difference in the atomic weights between Gd and Xe, the Gd 

atoms and ions lose a majority of their initial kinetic energy although they engage in only a few elastic 

collisions with Xe atoms and some of them are backscattered as well. The Gd species that lose their kinetic 

energy during plume expansion come to rest near the locations where collisions occurred, producing a thicker 

hemispherical layer for both atoms and ions, as shown in the right-most column of fig. 18. In contrast, in the 

case of He, owing to its considerably smaller atomic weight, the Gd species lose less kinetic energy through an 

elastic collision with He atom. In this case, until the plume loses its expansion energy, most of the ablated 

species continue to displace the surrounding gas, which produce a thinner hemispherical layer and a larger 

cavity, as indicated by the left-most column of fig. 18. 

In general, neutralization of ions in plasma occurs through four types of ion–electron recombination 

processes as follows [60]. 

(1) Radiative recombination [inverse process of ionization to a continuum]: 

Gd+ + e− →Gd(*) + hν, 

(2) dielectronic recombination [inverse process of autoionization]: 

Gd+ + e− → Gd** → Gd* + hν, 

(3) three-body collisional recombination: 

Gd+ + e− + M → Gd(*) + M, M: a third body (= e−, He),  

(4) dissociative recombination: 

Gd+ + O → GdO+, GdO+ + e− →Gd(*) + O, 

where Gd* and Gd** denote the excited state and the doubly excited autoionizing state, respectively. 
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As discussed above, many of the results obtained in the present study (i.e., the sharp outward edge of the 

intensity distribution of atoms, the cavity size variation with respect to the mass of the gas, etc.) suggest that 

the recombination occurring around the hemispherical layer is affected by a collisional interaction of ablated 

species with gas atoms. Of the four reactions listed above, the three-body recombination (TBR) reaction is 

accelerated most by the existence of gas atoms [26, 61, 62]. In this recombination, gas atoms as well as free 

electrons can act as a third body, carrying away the excess energy of this reaction.  

The reaction rate of TBR is roughly proportional to the particle densities and is inversely proportional to the 

electron temperature [60]. For ablation in ambient gas, a large number of energetic electrons are generated 

through gas breakdown as well as ionization of the ablated species. Its kinetic energy is thermalized through 

multiple collisions with gas atoms, resulting in a formation of an electron distribution confined around the 

plume [63, 64]. Thus dense and low-energy electrons are expected to exist at the contact layer between the 

plume and the gas.  

On the other hands, around the hemispherical layer, as discussed in Section 3.4, ablated species propagating 

with a shockwave and the gas atoms displaced by the plume are separately concentrated in two thin layers 

separated by the contact surface. Nevertheless, according to the hydrodynamic model, which considers the 

diffusion across the contact surface, it is expected that these species can be mixed in the region of which 

thickness is several hundred micrometers [24, 42, 46- 48]. In the mixing region these species are expected to 

be significantly compressed by the expanding pressure of the shockwave and the resistance of the surrounding 

gas. As a consequence of this compression in the mixing region, the reaction rate of TBR is most probably 

enhanced around the contact surface of the expanding plume in ambient gas.   

The present study clearly indicates that the distribution of ablated ground state atoms in ambient gas has the 

characteristic internal structure. Several plume dynamics models assuming a hemispherical thin layer 

containing mass of all ablated species have demonstrated good agreement with measurements. However, the 

distribution of the ablated species assumed in the models was not necessarily confirmed experimentally. Thus, 

the information obtained from the present LIF images will be useful also for further improving theoretical 

models of plume dynamics in ambient atmosphere. 
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IV. CONCLUSION  

 

To obtain higher detection sensitivity and analytical precision for LAAS and LIBS analyses, we evaluated 

the LIF images of ablation plumes. From temporal variations and the gas dependences of the plume, the 

following characteristics were revealed. 

i) As expected from a previous study on the Doppler splitting of absorption spectra, ablated ground state 

species tends to accumulate in a hemispherical layer between the plume and the ambient gas, and near 

the center of the plume, a cavity containing a reduced density of ablated species is formed. 

ii) At an earlier stage of plume evolution, another expanding component appears in the cavity that later 

coalesces into the hemispherical layer at a delay time of around 0.5 µs for ions and 1.5 µs for atoms. 

iii) The thickness of the hemispherical layer is around 500 µm at a delay time of 1 µs and the number 

density of ablated species in the layer is estimated to be higher than 5x1017 atoms/cm3.  

iv) The hemispherical layer of atoms appears at a nearly identical location as that of ions. This agreement 

indicates that the ground state atoms in the layer are produced through ion–electron recombination and 

subsequent relaxation.  

v) The cavity size increases with a decreasing atomic weight of the ambient gas. 

vi) The measured temporal variation in the intensity peak position was satisfactorily fitted with the plume 

expansion model proposed by Predtechensky and Mayorov. 

vii) From these results, it was inferred that three-body recombination in a significantly compressed mixing 

region around the contact layer is the dominant mechanism for forming a thin hemispherical layer and 

an internal cavity. 

The knowledge obtained in this study is considered to be of importance for various applications using laser 

ablation as well as for optimizing experimental conditions for LAAS and LIBS analyses.  



 21

Figure caption  

 
 
Figure 1 Experimental setup for LIF imaging spectroscopy. VP, PG, CM and AT mean vacuum pump, 

convection-enhanced Pirani gauge, capacitance manometer and attenuator consisting of polarizing 

beam-splitter cube and half-wave plate. LIF images of ablation plume were acquired with an ICCD 

camera from an orthogonal direction to the planar probe beam. 

 

Figure 2 Excitation and fluorescence transition schemes of Gd (upper), and laser firing and camera gate 

timings (lower). 

 

Figure 3 Measured dye laser spectral profile (a) and absorption spectra calculated for the Gd I 313.692-nm 

transition with Gaussian linewidths of 5 GHz (b) and 1 GHz (c). Each isotope resonance was 

calculated based on its natural isotope abundance and the reported isotope-shift data considering the 

relative isotope shift factors. The measured dye laser bandwidth is about 3 GHz.  

 

Figure 4 LIF images acquired with various wavelength near resonances shown in fig. 2 for Gd ions at delay 

times of 0.3 µs (a) and 0.7 µs (b), and Gd atoms at delay times of 0.5 µs (c) and 1.5 µs (d). Ablation 

was accomplished under an 800 Pa He ambient and ablation energy of 0.5 mJ using Gd oxide 

sample. Here “0 nm” indicates that the plume was observed with resonance wavelength of each 

species.  

 

Figure 5 Temporal evolution of the ablation plume for ions (a) and atoms (b) in the ground states using a Gd 

oxide sample under an 800 Pa He ambient and ablation energy of 0.5 mJ. 

 

Figure 6 Longitudinal fluorescence intensity distributions for ions (a) and atoms (b) obtained from fig. 5. All 

plots were drawn using a common intensity scale, and the intensity variation can therefore be 

compared throughout the plume evolution. 

 

Figure 7 Lateral fluorescence intensity distributions at a 0.5 mm height from the sample surface for ions (a) 

and atoms (b) obtained from fig. 5. The intensity scale of each plot was normalized by its own 

maximum value to readily identify the peaks. 

 

Figure 8 Typical saturation characteristic for the Gd II 309.865-nm transition. This curve was obtained by 

averaging LIF intensity in the area of 300 x 300 µm2 around the center of the plume from the 

images measured with various fluences of the probe laser at a delay of 1 µs. Other experimental 

conditions are the same as those for fig. 5. At the fluence of 2 mJ/cm2 this transition is almost 

saturated. The slight signal variation at this fluence most likely occurs because the absorption 
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linewidth is broader than the laser bandwidth. 

 

Figure 9 Typical plasma emission images measured under conditions equivalent to those for fig. 5 in the 

absence of a sheeted probe beam. In each image, the intensity is normalized by its maximum 

intensity to facilitate comparison with the images given in fig. 5, whereas the actual emission 

intensity is typically an order of magnitude lower than the fluorescence intensity. This image is not a 

cross-sectional view of the plume, unlike the LIF images. 

 

Figure 10 Temporal evolution of the ablation plume for ions and atoms for 0.15 mJ and 2.0 mJ irradiation 

using a Gd oxide sample under an 800 Pa He ambient. Plume structures similar to those shown in 

fig. 5 are observed in the pulse energy range of 0.15–2.0 mJ at earlier stages of the evolution. In 

contrast to the larger differences in plume size and duration for various ablation pulse energies, the 

difference in fluorescence intensity is not particularly large.  

 

Figure 11 Longitudinal fluorescence intensity distributions for ions (a) and atoms (b) using a Gd oxide sample 

under an 800 Pa He ambient and ablation energy of 0.15 mJ. The intensity scale is equivalent to that 

shown in fig. 6 for comparison. The intensity around the hemispherical layer for ions decreases 

monotonically, whereas it is nearly constant in the delay time range 0.3–1.0 µs shown in fig. 6(a). 

Furthermore, the intensity around the hemispherical layer for atoms shown in fig. 11(b) is slightly 

larger than that shown in fig. 6(b). 

 

Figure 12 Lateral fluorescence intensity distributions at a 0.5 mm height from the sample surface for ions (a) 

and atoms (b) using a Gd oxide sample under an 800 Pa He ambient and ablation energy of 0.15 mJ. 

 

Figure 13 Temporal variation in the intensity peak location for 0.5 mJ irradiation for Gd oxide sample. 

(a) outer layer along the surface normal, (b) inner component along the surface normal (c) outer 

layer at a height d = 0.5 mm. Open and filled symbols represent peak locations for atomic and ionic 

plumes. Solid curves represent the best fit of the measured data with the drag model. 

 

Figure 14 Temporal variation in the intensity peak location for various pressures of He ambient using 

dimensionless coordinates calculated from fig. 13(a). The solid curve represents the profile 

calculated using the Predtechensky and Mayorov model for the case of a 500 Pa ambient. 

 

Figure 15 Temporal evolution of the ablation plume for ions (a) and atoms (b) using a Gd metal sample under 

an 800 Pa He ambient and ablation energy of 0.5 mJ. The behavior of the inner component of the 

plume differs significantly between the oxide and metal samples.  

 

Figure 16 Longitudinal fluorescence intensity distributions for ions (a) and atoms (b) using a Gd metal sample 



 23

under an 800 Pa He ambient and ablation energy of 0.5 mJ. The thickness of the hemispherical layer 

of atoms can be estimated to be 500 µm (full width at half maximum) at a delay time of 1 µs. 

 

Figure 17 Dependence of the plume structure on He gas pressure for ions (a) and atoms (b) at a delay time of 

0.5 µs and ablation energy of 0.5 mJ using a Gd oxide sample. 

 

Figure 18 Plume structures for three gases (He, Ar, and Xe) for ions (a) and atoms (b) at a delay time of 1.0 µs 

and ablation energy of 0.15 mJ using a Gd oxide sample. The size of the inner cavity containing a 

reduced density of ablated species increases with decreasing mass of the ambient gas. 
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 Table 1 Spectroscopic data relevant to the present study 

 

5
th
 and 11

th
 columns denote lower level energies and 6

th
 and 12

th
 columns denote total angular momentum of 

the lower level [65], and third and 9
th
 columns denote branching ratios of the corresponding transitions. In the 

ratio calculation, lifetime data from ref. [66] for Gd ion and ref. [67] for Gd atom were used. The lifetime for 

31869 cm
-1

 level of Gd atoms was also reported to be 7.1 ns in ref. [68]. 

 

 (Ju=3) (Ju=3.5)

Wavelength gf BR A lower level J Wavelength gf BR A lower level J

air (nm) x10
7
(1/s) (cm

-1
) air (nm) x10

7
(1/s) (cm

-1
)

313.692 0.54 0.24 5.27 0.00 2 309.865 0.22 0.10 1.94 0.00 2.5

319.028 0.66 0.28 6.21 532.98 4 312.400 0.18 0.09 1.58 261.84 3.5

411.294 0.42 0.11 2.36 7562.46 2 316.069 0.07 0.03 0.60 633.27 4.5

476.383 1.30 0.25 5.47 10883.51 4 342.593 0.26 0.10 1.82 3082.01 2.5

495.315 0.73 0.13 2.85 11685.59 4 346.695 0.22 0.08 1.56 3427.27 3.5

346.899 1.16 0.43 8.04 3444.24 3.5

356.404 0.15 0.05 0.97 4212.76 2.5

432.407 0.17 0.04 0.77 9142.90 3.5

513.027 0.14 0.02 0.45 12776.07 2.5

516.089 0.10 0.02 0.32 12891.69 3.5

521.048 0.13 0.02 0.39 13076.05 4.5

1.00 1.00

(a) Gd atom (b) Gd ion31869.139 cm
-1

32262.787 cm
-1
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Table 2 Intense emission transitions transmitted through optical filters utilized 

All data are taken from [65] 

 

Wavelength A Lower level Upper level Wavelength A Lower level Upper level

in air (nm) x10
7
(1/s) (cm

-1
) (cm

-1
) in air (nm) x10

7
(1/s) (cm

-1
) (cm

-1
)

475.550 5.10 Gd II 20369.257 41391.647 345.124 9.75 Gd II 3082.011 32048.837

475.870 3.63 Gd I 7103.420 28111.670 346.399 10.32 Gd II 3444.235 32304.409

476.383 5.47 Gd I 10883.505 31869.139 346.727 10.71 Gd II 3427.274 32260.120

476.725 4.81 Gd I 7480.348 28450.948 346.899 8.04 Gd II 3444.235 32262.787

478.098 2.35 Gd I 11296.465 32206.820 348.128 8.60 Gd II 4841.106 33557.951

478.464 2.91 Gd I 7947.294 28841.676 348.180 7.27 Gd II 3972.167 32684.712

478.676 4.35 Gd I 12345.966 33231.096 350.551 7.13 Gd II 3972.167 32490.510

480.801 3.32 Gd I 13926.311 34719.128 351.250 20.72 Gd II 10091.567 38553.210

482.994 2.22 Gd I 11685.594 32384.000 351.677 7.86 Gd II 11669.863 40096.902

484.810 3.46 Gd I 12345.966 32966.862 354.936 6.83 Gd II 1935.310 30101.366

(a) 480nm Filter for atom (b) 350nm Filter for ion

Spieces Spieces
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Table 3 Fitting parameters of drag model for lateral and longitudinal plume evolution 

df is in mm and  is in 1/s. 

 

Pressure

d f  d f  d f 

800 2.8 2.8 3.4 1.0 2.0 2.1

1300 3.3 3.2 4.7 0.57 2.4 3.2

800 4.3 2.7 5.8 0.49 3.1 2.4

500 5.2 1.9 7.3 0.41 4.1 1.5

300 6.4 1.4 8.9 0.34 5.2 1.1

200 7.7 1.1 12.0 0.25 7.7 0.6

0.15mJ

0.5mJ

longitudinal lateral

(Pa)
outer layer inner component outer layer
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http://ees.elsevier.com/sab/download.aspx?id=118863&guid=ac2c893f-4dae-48cc-90a4-ef28fedfc39c&scheme=1
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