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Abstract. The role of recombination and charge-exchange 
processes in enhancing the line emission of various ionic 
species of laser-ablated carbon in the presence of helium 
and argon are presented. 

PACS" 52.50.Jm; 52.40.Nk; 52.25.- b; 52.20.- j 

A high-density, high-temperature plasma is created when 
a Q-switched laser is focussed onto a solid target which 
subsequently expands with a transfer of the initial thermal 
energy of the constituent ionic species and electrons to the 
kinetic energy of radial expansion [1]. In the presence of 
a low-pressure background gas, the radiation from the 
laser-ablated plasma photoionizes the gas, and the plasma 
streams radially outward through the resulting ambient 
plasma. There has been great interest in studying the 
interaction between charged ions emanating from expand- 
ing laser-ablated plasmas with a background-gas medium 
[2, 3]. Various interaction processes such as recombina- 
tion, charge exchange, momentum transfer, micro-in- 
stabilities, etc. play an important role in line emission 
[4-6] and are of great interest in the understanding the 
hydrodynamics of the expanding plasma [7-9], in explor- 
ing the possibility of laser-generated controlled thermo- 
nuclear reaction [10] and in sample-composition analysis 
[11]. Hot, dense laser-produced plasmas have been used 
as a source of high intensity X-rays [12], VUV continuum 
in rare gases and highly charged ions [13, 14]. Recently 
much interest is being shown in laser-produced plasmas as 
a gain medium for X-ray lasers [15, 16] and for deposition 
of thin films [17]. Seely et al. [18] have used a charge- 
exchange scheme between C VI and Ar III in expanding 
carbon plasma for soft X-ray laser in carbon. Qi et al. [19] 
have demonstrated laser action in C III ions at 217.7 nm 
and 216.3 nm by resonant photoexcitation where Mn line 
radiation from a laser-produced Mn plasma was used to 
resonantly pump the C III ions. 

We have earlier reported [3] laser-ablated carbon 
plasma studies in vacuum and in air. In the present paper 
we report on spectroscopic studies on both spatial and 
temporal behaviour of the emission spectrum of laser- 
ablated carbon plasma in the presence of helium and 
argon gas. The role of recombination and a charge-ex- 
change process in enhancing the line emission of various 
ionic species of carbon in presence of ambient gas are 
discussed. It is noticed that the presence of argon gas 
significantly enhances the intensity of the C III transition 
3 d i D  - 4flF ° at 216.3 nm. These studies are helpful in the 
diagnostics of the plasma gas-interaction regime, in laser 
microspectral analysis and in the development of X-ray or 
UV lasers where the background gas is used for popula- 
ting the excited states of the ions. 

1 Experimental setup 

Experimental setup used in the present study is similar to 
the one described elsewhere [20]. We employed 
a Nd:YAG laser (DCR-4G) with a Gaussian-limited 
mode structure (1.06 pro) delivering upto 1 J of energy in 
8 ns (FWHM) with a repetition rate of 10 pps to produce 
the carbon plasma. A 50 cm focal length lens focussed the 
laser beam onto the graphite target to a spot of 240 lam 
diameter. The target was mounted in a vacuum chamber 
which could be evacuated to a pressure better than 
10-3 Torr and then filled in with helium and argon gases 
at desired pressures in the range of 10- 3 to 100 Torr. The 
target rod was continuously rotated and translated with 
an external motor so that each laser pulse falls on fresh 
graphite surface every time. Plasma radiation was imaged 
onto the entrance slit of the monochromator (HRS-2, 
Jobin Yvon) with a lens of focal length of 15 cm so as to 
have one-to-one correspondence with the plasma and its 
image onto the slit of monochromator. The output from 
the monochromator was detected with a photomultiplier 
tube (PMT) (1P28, Hamamatsu, Japan) and recorded on 
a strip chart recorder or displayed on the counter timer 
oscilloscope (11302A, Tektronix). A micro-processor 
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Fig. 1. Typical emission spectrum in the wavelength range 190-300 nm in vacuum 

185.0 

controlled scan system was used for controlling the scan 
speed of the monochromator .  The signals were digitized 
using a digitizing video camera (Tektronix, DCS 01) at- 
tached to the oscilloscope, digitized signals were fed to 
personal computer for further data processing. 

2 Results and discussion 

The emission spectra of carbon plasma in the wavelength 
range 1 9 0 - 8 0 0 n m  in vacuum, and in the presence of 
helium and argon gases were recorded at different distan- 
ces (z) away from the target surface by moving the 
monochromator  in the horizontal plane in the direction 
perpendicular to the direction of the expanding plume. It 
was made sure that the background gas does not break- 
down and absorb the laser radiation [21]. Figure 1 shows 
a typical emission spectrum in the wavelength range 
190-300 nm in vacuum. The emission lines were identified 
using the information available in the literature [22]. 
Transitions up to C V have been observed. The intensity 
of the emitted lines increased in the presence of a back- 
ground gas [23]. A detailed investigation on C I, C II and 
C III transitions which have applications for laser 
[4, 18, 19,26] was undertaken. Figure 2 exhibits nor- 
malized intensity as a function of distance from the target 
for the transitions 2p 2 1 D  - -  3siD ° at 193.1 nm of C I, 
3paP ° - 5dZD at 213.7 nm of C II  and 3d2D - 4f3F  ° at 

192.3 nm of C III species at a pressure of < 10 3 Torr. 
Every point in the figures to follow is an average of five 
observations. It is observed that for the C III specy, the 
line intensity peaks at 3 mm from the target surface and 
decreases rapidly as z increases whereas for the C II and 
C I species the intensity is maximum at z = 4 mm from the 
target and decreases slowly as z decreases. That is to say 
that the intensity of higher species decreases rapidly as 
they recombine to give lower species. Figure 3 displays 
the variation of line intensity of the C I transition 
2p 2 1 D  - -  3slD ° with distance from the target at various 
helium gas pressures ranging from 10 -3 to 10 Torr. It is 
observed that line intensity is higher in the presence of 
helium gas than that in vacuum. The intensity of the 
C I specy increases when the helium pressure is increased 
from 10 .3  to 1Torr but decreases for 10Torr helium 
pressure. In vacuum, the plasma expands freely whereas in 
the presence of background gas the plasma is confined to 
a small region which results in a reduced expansion rate 
and hence an enhanced cooling rate. The rate of change of 
electron temperature is sum of three terms [24], viz. the 
elastic collision, electron heating due to collisional de- 
excitation of metastable ions and the recombination of 
ions. The rate of loss of electron energy is dominated by 
the elastic collision term Q~T given by 

2me(reanB (8kTe~ 1/2 , (1) 
QAT -- MB \ rome / 
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Fig. 2. Normalized intensity as a function of distance from the target 
for transitions 2p21D -- 3s~D ° at 193.1 nm of CI, 3p2p ° - 5d2D at 
213.7 nm of C II and 3dSD - 4fSF ° at 192.3 nm of C III species at 
a pressure of less than t0 -3 Torr 
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Fig. 4a, b. Intensities of C I transition 2p 2 1D 3slD ° at 193.1 nm. 
C II transition 3p2P ° -  5d2D at 213.7 nm and C III transition 
3d3D-4fSF ° at 192.3 nm at a distance of(a) 4 mm and (b) 8 mm from 
the target surface 

where o-e, is the elastic scat ter ing cross-sect ion between 
the electrons and the a toms,  nB is the densi ty  of back-  
g round  gas, and  MB is the mass  of the b a c k g r o u n d  gas 
a tom.  It  follows f rom (1) tha t  cool ing is inversely p r o p o r -  
t ional  to MB, and  hence l ighter  gases are efficient for rap id  
cooling.  I t  is also observed  tha t  as the gas pressure  in- 
creases beyond  a cer ta in  point ,  1 T o r r  in our  case, the 
enhancement  slows down.  T i m m e r  et al. [25] have also 
observed  a s imilar  behav iou r  for an A1 I t rans i t ion  in N2 
gas. F igu re  3b shows the va r ia t ion  of  line intensi ty  of the 
C I I I  t rans i t ion  3 d S D -  4 f S F  ° with dis tance  from the 
target .  I t  is observed  tha t  as the gas pressure  is increased 
f rom 10-3 to 1 Torr ,  the intensi ty  increases and  peaks  at 
abou t  3 m m  from the target ,  bu t  increas ing the pressure  
f rom 1 To r r  to 10 To r r  decreases the line intensity.  

The studies were also done  with a rgon  as a back-  
g r o u n d  gas. Argon  has  been used for p u m p i n g  of soft 
X-ray  lasers in ca rbon  [18]. F igure  4a exhibi ts  the  inten-  
sities of the C I t rans i t ion  2p 2 1D - 3 s i D  ° at 193.1 nm, the 
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C II transition 3p2p ° - 5d2D at 213.7 nm and the C [lI 
transition 3 d 3 D -  4f3F ° at 192.3 nm at a distance of 
4 mm from the target at various argon pressures. For 
C I and C II species, the intensity increases rapidly upto 
0.1 Torr  and decreases slowly beyond 0.1 Torr. Whereas 
the C III line decreases rapidly beyond 0.1 Torr  of argon 
gas pressure, decaying completely at 100 tort. Figure 4b 
shows the intensities of C I, C II and C III lines at 
a distance of 8 mm from the target at various argon 
pressures. It is observed that the intensity of the C III 
transition is almost insignificant beyond 1 Torr  of argon 
pressure. This reveals that the presence of background gas 
affects higher species most. Qi et al. E26] observed en- 
hanced fluorescence at 217.7 nm, 216.3 nm and 192.3 nm 
in C III ions by photoexcitation with the Mn VI line 
radiation at 31 nm. We observed a significant enhance- 
ment of the intensity of the C III transition 3 d i D  - 4 f l f  ° 
at 216.3 nm in the presence of argon gas. Figure 5 exhibits 
the intensity variation of the C III transition at 216.3 nm 
with the distance from the target at various argon pres- 
sures. It is observed that the line intensity reaches a maxi- 
mum value at a pressure of about 1 Torr  at 4 mm from the 
target surface, and then decreases with further increase in 
pressure upto 100 Torr. The curve shows that with the 
increase in argon pressure cooling of the gas increases 
rapidly. The decrease of intensity at high pressure is due to 
very high cooling rate. We observed more line enhance- 
ment for this transition in the presence of argon than in 
the presence of helium gas. It agrees well with the earlier 
results [18] where it is shown that an interaction process 
like charge exchange between C VI and Ar III in expand- 
ing carbon plasma can result in soft X-ray lasing. The 
temporal profiles of the C III transition 3 d i d  - 4 f  I F ° at 
216.3 nm where recorded at different distances and at 
various argon pressures. Figure 6 depicts the variation of 
time delay in the peak-emission intensity at various dis- 
tances and for various argon pressures. The velocity of 
plasma emission front decreases with the increase in colli- 
sional frequency as argon pressure is increased. Moreover, 
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Fig. 5. Intensity variation of C I l l  transition 3diD 4f tF ° at 
216.3 nm with distance from the target at various argon pressures 
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Fig. 6. Variation of time delay in the peak emission intensity with 
distance from the target for various argon pressures 

the confinement of the plasma in the presence of argon gas 
increases the duration of emission thereby decreases the 
velocity. 

The significant enhancement of emission lines in the 
presence of background gas indicates an important role of 
the gas in the interaction processes. Various interactions 
which can result in populating the upper state involved in 
the observed transitions could be collisional excitation, 
charge-transfer and the recombination process. A dense 
carbon plasma expands adiabatically as the electron ther- 
mal energy is converted into streaming motion of the ions. 
In our studies, we observed the emission up to an axial 
distance of 15 mm, whereas the collisional excitation pro- 
cess is found to dominate in the region z < 1 mm from the 
target surface [27, 28]. Furthermore, the collisional excita- 
tion from the ground state requires very large excitation 
energy to populate the upper states. Hence, the possibility 
of collisional excitation process playing the main role in 
enhancing the line emission can safely be ruled out. The 
charge transfer between the plasma ions and the atoms of 
the background gas can also populate the excited 
high - n  states. It was experimentally found that for ion 
streaming velocity in the range of 107 cm/s, the charge- 
transfer rate [18] is of the order of R ~ (10-11 cm3/s)N1 
where N1 is the density of C III ions. It follows that due to 
plasma expansion the charge transfer rate decreases as 
r-3,  where r is the radial distance away fi'om the target. 
The calculations have shown that the charge-transfer pro- 
cess dominates beyond z > 1 cm [18,29]. This is because 
the dense hot plasma near the target surface is a strong 
source of continuum radiation which can easily be ab- 
sorbed in the background gas and can ionize the back- 
ground gas. The small difference in the charge state of the 
plasma ions and the gas atoms reduces the probability of 
charge transfer. Moreover, in our experiment, it was diffi- 
cult to ascertain the exact charge-transfer process as the 
onset of shock and radiation heating of the background 
gas greatly limit the density at which the charge-transfer 
interaction can take place. 
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It is found that recombination processes are much 
more likely to occur due to the presence of low-energy 
electrons from the ionization of the background gas. The 
recombination can occur either due to the radiative or the 
three-body recombination process [30, 31]. The recombi- 
nation rates for the radiative and three-body recombina- 
tion are 2.7 x 10 -13 nen lZ2T~  3/4 cm3/s and 
9.2 x 10 -27 nen2Z3Te -9/2 in (Z z + 1) 1/2 cm6/s, respecti- 
vely, where n~ and nl are the electron and ion densities, 
respectively Te is the electron temperature in eV and Z is 
the ionic charge. It is seen that the radiative process is 
important  only close to the target, whereas the three-body 
recombination remains the dominant  recombination pro- 
cess beyond a few millimeters from the target surface [32] 
during adiabatic expansion. The density of plasma de- 
creases on expansion, but still a significant rate of the 
three-body recombination can exist at distances of a few 
mm due to simultaneous reduction in temperature of the 
adiabatically expanding plasma. The rate of the three- 
body recombination, however, starts decreasing at much 
larger distances when the recombination heating 1-33] 
becomes important,  resulting in a slower decrease of tem- 
perature during expansion and leading to a freezing of the 
ionization [30]. The background gas essentially provides 
a heat sink so that the recombination process can con- 
tinue for a longer period. Theoretical estimates [33] sug- 
gest that a background gas at a pressure of 0.1 10 Torr  
can significantly increase the cooling rate of electrons in 
the plasma region of 1 -10 ram away from the target. 
Excitation of the molecules of the background gas results 
in reducing the electron energies thereby increasing colli- 
sional cooling. Thus, it follows from (1) that the role of the 
background gas lies in increasing the cooling rate of the 
plasma in the expansion region. Enhanced cooling of the 
expanding plasma increases the three-body recombina- 
tion rate, resulting in populating the excited neutral and 
ionic carbon species in the presence of a background gas. 
Hence, the three-body recombination process is mainly 
responsible for the enhancement of the emission lines. 

3 ConcLusions 

Laser-ablated carbon-plasma studies in presence of he- 
lium and argon indicated the line emission enhancement 
of various ionic species of carbon. The role of various 
interaction processes in enhancing the line emission was 
discussed. The C I l l  transition at 216.3 nm showed signifi- 
cant enhancement in the presence of argon gas and there- 
fore, the spatial and temporal  behaviour of this transition 
was studied. 
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