
Al1þ. The slow ions were fitted for VTS ¼ V0S þ Veffð Þ
�1.2 kV.

The sensitivity of the deconvolution is checked by vary-

ing the values of z, VT ; and kTie. Figure 5 shows the fit per-

formed for Al4þ using different VT and kTie values. kTie

determines the ion pulse width for each charge state irrespec-

tive of the external electric field. V0 determines the ion pulse

energy shift by the Coulomb energy associated with the

double-layer potential, while VT ¼ ðV0 þ Veff Þ adds the

effect of the external electric field. The effect of VT on the fit

is more dominant than that for kTie and, for higher charge

ions, the sensitivity of the fit to the value of VT is higher. If

kTie is kept constant, the energy shift in the SCB distribution

is determined by VT ; whereas for a fixed VT ; kTie mainly

determines the ion pulse width. As shown in Fig. 5, 300 V

change in VT shifts the Al4þ ion most probable energy by

1200 eV. Changes in kTie by 13 eV mostly affect the ion

pulse width. For higher charge states, the accuracy of the fit-

ting parameter VT increases.

C. Effect of target bias voltage

Figure 6 shows the deconvolution of the ion TOF signal

for 4 and 6 kV applied to the target when a laser fluence of

28 J/cm2 is used to ablate the target. The amplitude of the ion

signal increases with the increase of the electric field

between the Al target and the grounded mesh. For an accel-

eration voltage of 4, 5, and 6 kV, with all other conditions

fixed, the total charge detected was 0.25, 0.5, and 0.65 nC,

respectively. The ratio of the different ion charges detected

remains nearly the same for the different target bias voltages.

This indicates that changes in the external electric field

between the target and mesh for our experimental conditions

have negligible effect on the angular distribution of the

detected ions. The applied electric field introduces retrograde

motion of the expanding plasma edge exposing more ions to

the accelerating field and repelling the electrons.36 This is

thought to be the main reason for the enhancement of the ion

extraction with increasing electric field between the Al target

and the extraction grounded mesh. In Fig. 6(a), when 4 kV is

applied to the target, the ion TOF signal has a best fit for

VT � 1100 V and kTie � 20 eV. When 6 kV is applied to the

target, the best fit to the ion TOF signal is obtained for VT

� 1900 V and kTie � 30 eV, as shown in Fig. 6(b). The

deconvolution in Figs. 6(a) and 6(b) also shows a low energy

tail in the ion TOF signal due to slow Al1þ. For 4 and 6 kV

accelerating voltage, the TOF signal for the slow ions is fit-

ted for VTS of �800 and �1400 V, respectively. The insets of

Figs. 6(a) and 6(b) show the energy distribution of the ions

as obtained from the ion TOF signal. The initial bumps pre-

sent in the energy distribution are due to the slow energetic

ions. The ion energy spread, DE
E , is dependent on the charge

state, and is �42% for Al1þ, �32% for Al2þ, and �25% for

Al3þ. This resolution is not affected by the target biasing

voltage.

D. Retarding field ion energy analysis

To characterize the ions from the laser plasma, the volt-

age applied to the electrostatic barrier (EB) mesh was incre-

mentally increased from 0 V to a voltage that resulted in

complete suppression of the ions detected. The laser fluence

of 28 J/cm2 was used to ablate the Al target, while 5 kV was

applied to the target. Figure 7 shows the TOF signal for 0,

0.6, 1.2, 1.8, 2.0, and 2.4 kV applied to the EB. The inset of

Fig. 7 shows the reduction in the total number of charges

reaching the FC with the increase in the EB voltage. Higher

charge state ions reach the FC earlier than those with a lower

charge since the ions gain kinetic energy from the double-

layer potential and from the external electric field, propor-

tional to their ion charge. The EB potential VEB suppresses

all ions having kinetic energy lower than zeVEB. From Fig. 7,

we observe that the EB bias of 1.8 kV suppresses more than

�80% of the Al ions. The ion energy measured from the EB,

FIG. 4. Deconvolution of the TOF signal

for different ion charge states for 5 kV

applied to target. The laser fluence is (a)

28 J/cm2 and 38 J/cm2 (b). VT is the total

effective voltage accelerating the ions

and kTie represents the spread in ion

energy due to the plasma ion temperature

and ion spread during plume expansion

and ion extraction in the target-grid

region, and VTS is the effective accelerat-

ing voltage for the slow ions.

FIG. 5. The effect of varying the total accelerating voltage VT and kTie on

the deconvolution of the ion pulse when 5 kV accelerating voltage is applied.

The Al4þ ion pulse obtained by deconvolution is shown for (i) VT � 1300 V

and kTie � 27 eV (red dotted line), (ii) 1600 V and 14 eV (blue dotted line),

(iii) 1600 V and 27 eV (black straight line), (iv) 1600 V and 40 eV (blue

dashed line), and (v) 1900 V and 27 eV (red dashed line).
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TOF signal, and the deconvolution of the TOF signal are in

good qualitative agreement.

E. Optical emission spectroscopy

We use the optical spectra of the laser plasma to esti-

mate the kTe and Ne. The emission spectra captured is time-

integrated but limited to the plasma observation location,

which restricts the observation time depending on the plume

expansion velocity. The plasma is moving in a direction per-

pendicular to the target surface. In our experiment, the fiber

used has an acceptance angle of �11�. The lens that image

the plume on the fiber optics bundle input is set to image the

plume at and near the surface of the target. We estimate that

optical emission from a distance up to �3 cm from the target

is captured by the spectrometer. According to Harilal

et al.,44 for Al ablation with nearly the same laser parame-

ters, the plume has an expansion velocity of >107 cm s�1.

With this velocity, the plume takes less than 300 ns to pass

the region imaged on by the fiber bundle connected to the

spectrometer. For a ns laser ablation of Al by Nd:YAG laser

in vacuum, Freeman et al. reported that the electron density

and temperature measurement for time up to �450 ns after

the laser ablation satisfying the LTE condition.33 Figure

8 shows the optical spectra when the Al target is ablated by a

laser fluence of 21 J/cm2 without and with a voltage of 7 kV

applied to the target. The NIST database is used to identify

the atomic and ionic emission lines.45 Line emission due to

neutrals and ions with charge states up to Al2þ are detected.

The external electric field affects both the atomic and ionic

spectral lines. There is a clear enhancement in the intensity

of the spectral lines (both atomic and ionic) in the presence

of an external electric field. The enhancement of the optical

emission line intensities and the background is due to the

shorting of the biased Al target to the grounded mesh, placed

in front of the target, by the expanding plume. This shorting

results in current flow from the power supply through the tar-

get and the plasma to the grounded grid. This current flowing

between the biased Al target and grounded mesh is detected

by a current pick-up coil detecting the current flow out of the

grounded mesh. The current through the grounded mesh

starts flowing at �1 ls after the ablating laser pulse and is

sustain for another �1 ls corresponding to the time this glow

discharge between the target and grid is extinguished as the

plume passes that region. We believe that increased optical

emission and its detection time are responsible for the

increase in the integrated intensity in Fig. 8 when an external

field is applied. In addition to enhancing the Al line emission

intensity, a new emission line corresponding to the Ni I at

FIG. 6. Deconvolution of the ion TOF signal into different charge states for a voltage applied to target of (a) 4 kV and (b) 6 kV. The ablating laser fluence is

28 J/cm2. The TOF signal is plotted in black. The deconvolution fit for Al1þ, Al2þ, Al3þ, and AlS
1þ are plotted in red, green, navy, and blue, respectively. The

sum of the individual de-convoluted ion species is plotted in pink. Inset shows the TOF signal converted into energy distribution of the ions.

FIG. 7. Effect of retarding voltage on the TOF spectrum for a laser fluence

of 28 J/cm2 and 5 kV applied to target.

FIG. 8. Al emission spectra for laser fluence of 21 J/cm2, when no external

electric field (black line) and when 7 kV external field (red line) is applied.
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485.54 is detected when the target is biased at 5 and 7 kV.

This line is probably due to the sputtering of Ni grounded

mesh, placed in front of the target, which acts as the cathode

of the discharge between the target and mesh. While sputter-

ing of the Ni mesh by the laser-generated ions would also

occur without target bias, its rate will be significantly less

due to the lower ion energy. As the optical detection geome-

try detects only a distance up to �3 cm from the target, Ni

lines will only be detected if Ni is present in that region dur-

ing the discharge established between the target and the Ni

grid.

For optically thin plasma, Stark broadening of line emis-

sion from neutrals or singly charged ions is used to estimate

the Ne.
46 Applying the procedure described by Radziemski

et al., for Al II lines at 704.21 and 705.66 nm, the statistical

weight of the upper level of the lines are found proportional

to the intensity ratio of the lines; therefore, the plasma was

optically thin and stark broadening analysis can be applied.47

In the present experiment, the Stark-broadened profile of the

Al II line at 466.30 nm [4p1P0(1)–3p2D(1)] was used after fit-

ting the line-shape to a Lorentzian profile, because of a com-

paratively lower self-absorption coefficient.48 Three main

broadening mechanisms contribute to line broadening,

namely, Doppler broadening, resonance pressure broadening,

and Stark broadening. For laser plasma similar to ours, the

effect of Doppler broadening and resonance broadening is

very small compared to Stark broadening and can be

neglected.49 The mechanism causing Stark broadening of the

Al II transitions is mainly due to perturbation of the energy

levels of the ions by electron collisions leading to broadening

of the emission lines. The instrumental response was

obtained by fitting the line-shape of the 404.65 nm line from

a low-pressure Hg lamp to a Lorentzian profile and was

found to be 0.7 nm. This instrumental response was sub-

tracted from the experimental linewidth of the Al II line at

466.30 nm. Equation (2) can be used to correlate the full-

width at half-maximum (FWHM) of the Stark-broadened

line Dk1/2 with the Ne
50

Dk1=2 ¼ 2x
Ne

1016

� �
þ 3:5A

Ne

1016

� �1
4

� 1� 1:2ND
�1=3

� �
x

Ne

1016

� �
Å; (2)

where x is the stark broadening parameter, and for Al II line

at 466.30 nm, it has a value of 0.0538 nm at a temperature of

15 000 K,50 A is the ion broadening parameter. Both x and A
are weak functions of temperature.46 Ne is the electron den-

sity in cm�3 and ND is the number of particles inside the

Debye sphere. The first term of the Eq. (2) accounts for the

electron broadening, and the second term is the correction

for the quasi-static ion broadening. The quasi-static ion

broadening term is small in plasma, similar to our case as

was estimated from the extrapolation of the estimates of x
and A.46,49 Therefore, Eq. (2) becomes

Dk1=2 ¼ 2x
Ne

1016

� �
Å: (3)

To determine the kTe, we use the line emission intensity

analysis. This method can be applied when the plasma satis-

fies LTE and is applicable to our laser plasma conditions, as

described in previous studies using similar lasers.33 The

excitation temperature can be determined using the follow-

ing equation:46

Te ¼
E2 � E1

k
ln

I1k1g2A2

I2k2g1A1

� �	 
�1

; (4)

where k is the Boltzmann constant, E2 and E1 are the ener-

gies of upper transition levels of two lines utilized for elec-

tron temperature estimation and belong to the same atomic

species. I1, A1, g1, and k1 are total intensity (integrated over

the line profile), transition probability, degeneracy, and

wavelength of the line with upper level E1, respectively. The

subscript 2 refers to the line with upper level E2 for the cor-

responding quantities. Al II lines at 358.66, 466.30, 559.33,

and 624.34 nm are used to calculate the plasma kTe. Figure 9

shows the Ne (a) and kTe (b) with the increase in voltage

applied to the target for laser fluence of 21–38 J/cm2. In Fig.

9(b), the average kTe is plotted with the error bar represent-

ing the maximum and minimum values obtained from the

line emission analysis. We observe that the Ne and kTe

increase significantly with the increase of laser fluence, but

shows no change, within the experimental error, with the

applied external electric field.

Using the value of Ne and kTe in the McWhirter crite-

rion, we can determine whether the generated plasma satisfy

the LTE condition. To satisfy the LTE condition, the lower

limit of the Ne has to fulfill the following condition:30

Ne cm�3ð Þ � 1:6� 1012 Te Kð Þ½ �
1
2½DE eVð Þ�3; (5)

where DE is the largest energy transition from which the

condition holds, and for our case, it is 3.65 eV, and Te is the

plasma temperature.30 The plasma temperature we obtained

for a laser fluence of 21 J/cm2 when no accelerating voltage

is applied is �1.1 eV. Accordingly, the lower limit of Ne for

FIG. 9. Effect of target bias voltage on (a) electron density Ne and (b) elec-

tron temperature kTe as measured by OES. Laser pulse energy of 21, 25, 28,

and 38 J/cm2 is represented by black-square, red-diamond, blue-hexagon,

and green-circle, respectively.
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the LTE condition using Eq. (5) is 8.8� 1015 cm�3. The Ne

value we obtained using OES is greater than the minimum

LTE condition value leading to the conclusion that LTE is

applicable to the studied plasma.

For laser fluence range from 21 to 38 J/cm2, kTi of the

ejected ions evaluated by the TOF deconvolution varied

between �6 to �10 eV when no accelerating voltage is

applied, while when up to 6 kV accelerating voltage is

applied kTie ranges from �20 to �30 eV, whereas the kTe

calculated from the optical spectra varied between �1.1 to

�1.8 eV for the same laser fluences. Without an applied

external field, the difference in the values of kTi measured by

ion TOF and kTe measured by OES is attributed to the differ-

ence in time and location at which the plasma is probed. For

ns laser pulse ablation, plasma reaches its highest tempera-

ture during the laser pulse with its highest density near the

surface forming the core of the plasma, and therefore, the

ions are generated during the laser pulse interaction with the

target and the plume16,51,52 and kTi from the TOF deconvolu-

tion estimates the initial ion temperature. Also, for ns laser

ablation at the earlier stage, before �60 ns, the intense con-

tinuum is dominant masking line emission.10 Since kTe

probed by the OES is time and spatially integrated, it esti-

mates lower temperature than the initial temperature. Thus,

for a laser fluence of 21 J/cm2, the plasma temperature cools

from �6 to below �1.1 eV from initial plasma expansion

until the plasma cools down. With an electric field applied

between the target and the grounded mesh, temporal and spa-

tial variations in ion acceleration by the field due to the

dynamics of the plasma expansion causes a further spread in

the ion velocity not associated with ion plasma temperature.

Hence, kTie represents the combined ion energy spread due

to plasma ion temperature and the ion extraction dynamics

from the laser plume expending in an external electric field.

IV. CONCLUSION

A combined ion TOF and OES study of laser-generated

Al plasma was conducted. The 1064 nm laser ablation source

providing 7 ns pulses was operated at a fluence of 21–38 J/

cm2. Production of ions up to Al4þ was observed. The

energy distributions of the ejected ions were fitted to SCB

distribution. The ions are subjected to a Coulomb accelera-

tion proportional to their charge state by the electric field

generated at the plasma-vacuum interface of the expanding

plume, in addition to the external electric field after their

separation from the plasma. The results show significant

deviation in the plasma temperature measured by ion energy

versus that measured by OES. From the ion TOF measure-

ment, the kTi increases with the laser fluence from about

6–10 eV for the studied laser fluence range. However, apply-

ing the line emission intensity analysis method to OES yields

kTe of about 1.1–1.8 eV. Since the laser plasma is considered

at LTE, the present results show that the measurements of

kTe by OES does not reflect the initial high temperature of

the plasma in which the ions are produced and the condition

of optically thin plasma might not be maintained. Also, the

OES data were obtained under temporal and spatial averag-

ing of plasma emission. This averaging also influences the

measurements and gives a lower plasma temperature than

that achieved in the early part of plume formation, where the

plasma is densest and hottest, which are the conditions at

which the MCIs are generated. When the plume expands in

an applied electric field, ion energy spread, in addition to

that due to the plasma ion temperature, is observed due to

the interaction of the plume with the external field causing

temporal and spatial distortion to the field. Applying voltage

to the target had no effect on kTe as measured by OES.
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