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Diagnostics and analyses of decay process in laser produced
tetrakis „dimethyl-amino …ethylene plasma

Guowen Ding, John E. Scharer, and Kurt L. Kelly
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Wisconsin 53706-1687

~Received 3 January 2000; accepted 4 October 2000!

A large volume~hundreds of cm3! plasma is created by a 193 nm laser ionizing an organic vapor,
tetrakis~dimethyl-amino!ethylene~TMAE!. The plasma is characterized as high electron density
(1013– 1012cm23) and low electron temperature~;0.1 eV!. To investigate the plasma decay
processes, a fast Langmuir probe technique is developed, including detailed considerations of probe
structure, probe surface cleaning, shielding, frequency response of the detection system, physical
processes in probe measurement, dummy probe corrections as well as noise analysis. The
mechanisms for the plasma decay are studied and a delayed ionization process following the laser
pulse is found to be important. This mechanism is also supported by optical emission measurements
which show that nitrogen enhances the delayed emission from TMAE plasma. A model combining
electron–ion recombination and delayed ionization is utilized together with experimental results to
order the terms and calculate the relaxation times for delayed ionization. The relaxation times are
longer for lower TMAE pressures and lower electron densities. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1329154#
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I. INTRODUCTION

Ionization of organic molecules with ultraviolet lase
is a new technique for generating large volume, homo
neous, well-defined plasmas.1 TMAE is a readily ionized
organic gas, tetrakis~dimethyl-amino!ethylene, which can
be single-photon ionized by a 193 nm laser, so that a la
volume ~hundreds of cm3!, high initial plasma density
(.1013cm23) plasma can be created.2–5 This technique has
many potential applications, including a microwave reflec
or absorber.4,5

In this manuscript, the plasma parameters are prima
detected by a single Langmuir probe. However, difficult
lie in the special characteristics of TMAE plasma, includi
~1! high electron density (1013– 1012cm23) and low electron
temperature~;0.1 eV!, ~2! a rapid decay rate which require
a fast time response detection system and~3! probe contami-
nation by TMAE vapor. The techniques of the fast Langm
probe measurements including probe structure, probe sur
cleaning, electromagnetic shielding, frequency respons
the detection system, physical processes present in p
measurement interpretations, dummy probe corrections
well as noise analysis will be illustrated in detail in the e
perimental section.

The decay process of the laser-produced TMAE plas
is an important consideration for this technique. However
is not as simple as atomic or small molecular ion plas
decay. In our experiment, we find that the apparent electr
ion recombination coefficient increases with time, and it
creases more rapidly at higher TMAE pressures. Howe
the change in the recombination coefficient is only wea
dependent on electron temperature. This phenomeno
well as other experimental results cannot be interpreted
plasma diffusion, electron attachment, three-body recom
3341070-664X/2001/8(1)/334/9/$18.00
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nation with either electrons or neutrals as the third bo
electron temperature effects, or multi-ion species proces
On the other hand, a new decay mechanism, the dela
ionization process, is indicated for the following reasons:~1!
a delayed ionization mechanism provides the only good
terpretation for all results;~2! the delayed optical emissio
experiments support this interpretation;~3! there are many
reports on delayed ionization phenomena in laser pho
ionization experiments, and~4! an auto-ionization phenom
enon in TMAE is also reported6 although no measurement o
the relaxation time of the delayed ionization is given. Re
sons~1! and ~2! are presented in detail in this manuscrip
and reasons~3! and~4! are supported by other works, whic
are discussed in later sections. Incorporating the delayed
ization process, a model for the decay processes is de
oped, and utilizing the experimental data the relaxation ti
of the delayed ionization is predicted.

II. EXPERIMENT

A. Laser-produced TMAE plasma

The TMAE plasma is created by a 193 nm laser pho
ionization of TMAE vapor in 2–16 m Torr pressure range.
schematic experimental arrangement is illustrated in Fig
A laboratory plasma is created in a 50 cm long by 15
diameter cylindrical glass chamber, which is pumped to
base pressure of 531027 Torr by a diffusion pump. A Su-
prasil window which is transparent down to 180 nm
mounted on the laser entrance end of the vacuum cham
On the opposite side of the chamber, a Langmuir probe
two flow feeds to introduce the TMAE vapor and nitroge
are inserted through feedthroughs to the vacuum chamb

A Lumonics PM842 excimer laser runs in an ArF mo
and produces 193 nm wavelength radiation. The half-wi
© 2001 American Institute of Physics
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of the laser pulse is 20 nsec. The laser output cross secti
2.433.2 cm2. The laser fluence is in the range of 4–
mJ/cm2. The laser attenuation length for 10 mTorr TMAE
1.7 m. The laser beam is quite uniform,DI /I<10% as mea-
sured by an apertured photo-diode. A calorimeter is use
accurately measure the laser beam intensity.

B. Fast Langmuir probe diagnostics

Probe structure: The plasma parameters are primar
detected by a single planar Langmuir probe, which cons
of a double-shielded 50V coaxial cable connected to a tun
sten wire. The radius of the probe for ion saturation curr
measurements is 0.5 mm and that for electron saturation
rent measurements is 0.25 mm. The detailed probe struc
is shown in Fig. 2. The tungsten wire probe is inser
through a hole of a four-bore alumina tube. In order to ke
the probe surface clean, an 8 cm long half-loop of 0.15 m
diameter tungsten wire provides an indirect ohmic heati
The last hole is for a dummy probe wire, which is identic
to the measurement probe wire, except that it is not expo
to the plasma. The exposed parts of the heating wire and
dummy probe are covered with a ceramic adhesive an
glass insulation layer to insulate them from the plasma.

Shielding and noise: Double-shielding and double
isolating layers for the probe are shown in Fig. 2. For
rapidly pulsed plasma, the insulation and shielding for
Langmuir probe might not be perfect. We check the no
from the plasma wave penetration to the probe circuit

FIG. 1. Schematic of the experimental arrangement.
Downloaded 08 Aug 2002 to 128.104.184.39. Redistribution subject to A
is

to

ts

t
r-
re

d
p

.
l
ed
he
a

e
e
y

utilizing a dummy probe method. The dummy probe is
identical probe to the measurement probe, except that
not exposed to the plasma. In this experiment, the sig
from the dummy probe is always smaller than 0.1% of t
electron saturation current and smaller than 10% of the
saturation current obtained from the measurement probe.
the electron saturation current measurements, the noise
the plasma is neglected. For the ion saturation current m
surements, the difference between measurement and du
probe signals is regarded as the correct signal.

Fast response: A signal generator drives the probe tip
measure the frequency response of the detection system
wave signals are varied from 200 MHz to 20 kHz. Wh
comparing the input from the generator and the output fr
data acquisition system, the relative errors for 20 kHz to
MHz are,0.5%, those for 2 MHz to 20 MHz are,1%, and
those for 20 MHz to 200 MHz slowly increase from 1%
8%. This is sufficient for our experimental delay time ran
of 0.1 to 2msec.

Probe measurement at early stage: There are many
physical processes in a laser-produced plasma during
early stages. Langmuir probes can be used for accurate m
surements aftert.100 nsec but it is difficult to predic
plasma parameters for earlier times (t,100 nsec). This has
been discussed in detail in our previous work.2 The laser
pulse is typically extinguished in 35 nsec. When the lase
on, a probe sheath is forming, so the transient ion curr
displacement current, as well as laser effects on the probe
expected to influence the probe current. After the lase
turned off, the laser effects are eliminated. The sheath
sponse time is the order ofvpi

21, wherevpi is the plasma ion
frequency, andvpi

21510 nsec for 1012cm23 TMAE ion den-
sity. Then after severalvpi

21, the transient ion current be
comes very small. In the meantime, the probe sheath
formed, and the displacement current is small. Thus, all
data in this manuscript are measured aftert.100 nsec.

Probe sheath: The planar Langmuir probe in this ex
periment is a cross section of a Tungsten wire, of which
radius~r! is 0.5 mm for ion saturation current measuremen
The probe area isr 2p, but the sheath around the probe c
increase the probe current collection area to 2pr • 1

4•2ps,
where the sheath widths can be calculated from the Child–
Langmuir law. When the bias voltage is chosen as 1 V,
correction of the sheath edge effect is not significa
~,20%!. The sheath motion current due to the change
plasma parameters with time is very small~,10%! when a
FIG. 2. Langmuir probe structure.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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small bias voltage is chosen, such as 1 V. Electron satura
currents do not need these corrections since the Debye le
is hundreds of times smaller than the probe size in this
periment.

Signal sampling: The Langmuir probe current–voltag
characteristic curve is measured by a sampling techn
with a boxcar, and the schematic arrangement is illustrate
Fig. 1. A sampling technique, triggered by the laser with
fixed delay, can be applied to the probe current, provid
that the bias potential applied to the probe is slowly a
linearly scanned. By such a technique, anI –V characteristic
can be displayed, which is considered equivalent to an
stantaneous characteristic. The boxcar sampling wind
width ~Dt! is 20 nsec.

C. Optical emission

The plasma emission is measured by a monochrom
at a right angle to the laser beam. A cutoff filter~.285 nm!
is placed in front of the monochromator to eliminate the 1
nm laser light. A photo-multiplier tube~PMT! is connected
to the monochromator, and its signal drives the boxc
which provides the time-resolved emission spectra meas
ments. When a wavelength is fixed, and the PMT is c
nected to a fast Tektronix digital storage oscilloscope~Model
TDS 350, 1 GHz!, the emission temporal profile at th
wavelength is recorded. The data are typically averaged o
32 pulses. In this experiment, the temporal response tim
10 nsec, and the resolution of the monochromator is set
nm in order to obtain good signal-to-noise ratios.

III. RESULTS AND DISCUSSIONS

A. Electron density and temperature

The decay process of the laser-produced TMAE plas
is primarily measured by a planar Langmuir probe. The ty
cal Langmuir probeI –V characteristic curve is shown i
Fig. 3. The electron temperature is determined from the sl

FIG. 3. Typical I –V characteristic from Langmuir probe measureme
taken under 2 mTorr TMAE pressure and 4 mJ/cm2 laser fluence 200 nsec
after the laser shot.
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of the logarithmicI –V characteristic, and the linear fit typi
cally covers more than two decades of the probe signal
ues. The electron density is calculated from the electron s
ration currentI e,sat, which is very flat with variations within
10%. The electron saturation current is independent on
ion species which is very important for a molecular plasm
In theory, the ratio of ion to electron saturation current de
sity, Ji ,sat/Je,sat, is not dependent on plasma density, ele
tron temperature, or probe area, but only dependent on
mass and negative ion proportion. In this experiment,
ratios Ji ,sat/Je,sat are almost constant with time within 10%
over 2msec. This implies that during the initial 2msec, only
one dominant ion is present and the negative ion propor
is small. The electron density and temperature versus dif
ent delay times relative to the laser pulse are shown in F
4–7.

, FIG. 4. Electron density versus time under conditions of 4 mJ/cm2 laser
fluence with TMAE pressures of~* ! 16 mTorr,~h! 8 mTorr, ~s! 4 mTorr,
and ~v! 2 mTorr.

FIG. 5. Electron temperature versus time under conditions of 4 mJ/cm2 laser
fluence with TMAE pressures of~* ! 16 mTorr,~L! 8 mTorr, ~s! 4 mTorr,
and ~v! 2 mTorr.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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The electron temperature,Te , decays more rapidly a
earlier times than at later times. The electron densities
earlier times are higher for both higher laser power a
higher TMAE pressures, but for higher TMAE pressures,
electron density decays more rapidly.

Many experimental results are readily interpreted. T
reason for such a low initial electron temperature is due
photo-ionization mechanisms. The electron temperature
cay is due to electron–molecular collisions. The higher el
tron densities at earlier times for both higher laser power
higher TMAE pressure correspond to the initial higher io
ized number density from the laser photo-ionization
TMAE.

B. Analysis of plasma decay processes

For a source-free plasma, the density decay proces
usually described as

FIG. 6. Electron density versus time under conditions of 8 mTorr TM
pressure with laser fluences of~1! 8 mJ/cm2 and ~L! 4 mJ/cm2.

FIG. 7. Electron temperature versus time under conditions of 8 mT
TMAE pressure with laser fluences of~1! 8 mJ/cm2 and ~L! 4 mJ/cm2.
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dne

dt
52D¹2ne2aeffne

22nane , ~1!

whereD is plasma diffusion coefficient,aeff is the effective
recombination coefficient, andna is the electron attachmen
rate.

1. Plasma diffusion

For our large plasma volume,~2.433.2350 cm3!, the
plasma diffusion process in the center is very small dur
the initial 2 sec period after the laser shot. The time-resol
density spatial profile is shown in Fig. 8, which shows th
the diffusion is small in the center formsec time scales. The
laser fluence over its output cross section is uniform,DI /I
<10%. It attenuates slightly along the propagation directi
and the fluence gradient is below 1%/cm in this experime
so that the electron density is correspondingly uniform i
tially. On the other hand, the plasma ambipolar diffusion
dependent on ion diffusion rather than on electron diffusi
and the maximum velocity of ion is the order of ion sou
speed,7 AkTe /Mi , which means diffusion is important onl
on the order of 0.4 mm from the edge for 2msec time scales
Thus, in the center of our large volume plasma~2.433.2350
cm3!, the diffusion process can be neglected for the init
microsecond time scale period.

2. Electron attachment

Since the TMAE molecule is a strong electron don
rather than an electron acceptor, the rate of electron att
ment to TMAE should be small. Since the electron mobil
in liquid TMAE is very large,8 this implies that the electron
attachment rate to the TMAE molecule should be small.
this experiment, Langmuir probe measurements can de
mine if negative ions are present. Holmeset al.9 has given a
formula to calculate the negative ion density,

Je,sat

Ji ,sat
5

1

0.6S 12
n2

n1
DA Mi

2pme
, ~2!rr

FIG. 8. Time-resolved plasma density profile iny dimension.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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whereMi is the positive ion mass,me is the electron mass
n2 andn1 are the negative and positive ion density, resp
tively, and Je,sat and Ji ,sat are electron and ion saturatio
current densities. If negative ion formation is importa
n2 /n1 should increase with time due to rapidly decaying
n1 and increasing inn2 from zero, so that the electron an
ion saturation current density ratioJe,sat/Ji ,sat should de-
crease with time. However, no decreasing trend of the r
Je,sat/Ji ,sat with time can be found within 10% over 2msec.
Thus, the electron attachment effect must be very small
our experimental conditions over the initial 2msec.

3. Electron –ion recombination

With the neglect of both diffusion and electron attac
ment processes, which are small in the experiment, Eq.~1!
becomes

dne

dt
52aeff ne

2. ~3!

The solution to this equation is

1

n1
5

1

n0
1E

t0

t1
aeff dt, ~4!

wheren0 andn1 are the electron densities at timest0 andt1 ,
respectively. The effectiveaeff in this manuscript are ap
proximately calculated from the corresponding electron d
sities at two successive measurement times:

aeff5S 1

n1
2

1

n0
D Y ~ t12t0!. ~5!

Using the data in Figs. 4 and 6, we plotaeff versus time
for different experimental conditions in Fig. 9. The resu
show thataeff is not constant with time, but increasing. Th
higher the TMAE pressure, the more rapid the increase
aeff with time.

FIG. 9. Effective electron–ion recombination coefficient versus time un
conditions of 4 mJ/cm2 laser fluence with TMAE pressures of~* ! 16 mTorr,
~L! 8 mTorr, ~s! 4 mTorr, and~v! 2 mTorr, and under 8 mJ/cm2 laser
fluence with a TMAE pressure of~1! 8 mTorr.
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Another result is that the change inaeff is only weakly
dependent on the change in electron temperature. If the e
tron temperatureTe effect was important in the change i
aeff , a largeruDTeu should cause a larger change inaeff , but
the experimental results in Fig. 10 show the opposite re
tion. First, fromt5100 nsec tot52000 nsec,uDTeu for the 2
mTorr TMAE case is larger than that in the 16 mTorr ca
but uDaeffu in the 2 mTorr case is smaller than that of 1
mTorr case. Second, for the 16 mTorr TMAE pressure ca
Te is almost constant in time (0.6msec,t,2msec), but the
aeff is approximately tripled. These results show that t
change inaeff is only weakly dependent on the change
electron temperature. This agrees with a general rule10 that
for a larger molecular ion,aeff is less electron temperatur
dependent, e.g., H3O

1~H2O)2 and NH4
1~NH3)2 plasmas11,12

which are almost independent ofTe .
The experimental results cannot be interpreted by

three-body recombination and muti-ion species effects:

~1! The process of three-body recombination with the
electron as the third body „ion¿e¿e…: This process
causesaeff to decrease as the electron density deca
This is contrary to the observation that theaeff increases
as the electron density decays.

~2! The process of three-body recombination with the
TMAE molecule as the third body „ion¿e¿TMAE …:
The TMAE density is constant with time, so this proce
cannot interpret the increase ofaeff with time. In addi-
tion, to our knowledge, there are no reports of such
three-body process being important in the mTorr sc
range.

~3! The multi-ion species effect: This effect must causeaeff

to decrease with time. If two components are assum
the component with a largera j decays more rapidly, so
the proportion of the component with the largera j must

r

FIG. 10. Comparison of the variation ofaeff andTe with time under con-
ditions of 4 mJ/cm2 laser fluence with TMAE pressures of 2 and 16 mTo
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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decrease with time. As a result, the globalaeff must de-
crease with time. This is in conflict with the experime
tal results ofaeff increasing with time. In addition, the
ratiosJi ,sat/Je,sat from the Langmuir probe measureme
are constant within the experimental error~10%!, which
implies that over the initial 2msec, the ion species mi
does not change.

Thus, the experimental observations cannot be in
preted by the factors discussed here. This implies that
other physical process is important in the decay proces
the laser-produced TMAE plasma.

C. Delayed ionization

Photons absorbed by TMAE molecules may not contr
ute to direct ionization. When the TMAE molecule is excit
by the laser photon~6.4 eV!, the total energy~electronic
1vibrational1rotational! exceeds the first ionization poten
tial ~5.4 eV for TMAE!, but some of those molecules are st
neutral. Such an excited state is called a super-exc
state.13 This phenomenon has been found in many molecu
including TMAE.6 For some of them, the lifetime can b
hundreds of nsec, even tens ofmsec, and the most prominen
example isC60.14,15 There are also many reports for oth
molecules such as benzene,16–19 benzene clusters,20,21

benzene-noble gas dimers,22 naphthalene,23 azulene,24

triethylamine,25 ketene,26 Nb, Ta, and W clusters,27,28

C70,14,29 fullerenesCn(n,96),30 etc. There are many theo
retical articles, too.31,32 The experiments and theories a
summarized in review articles.33–36

When a molecule is excited by a photon with ener
higher than its ionization potentials~IP!, it does not neces
sarily promptly ionize, particularly for a large molecule.37

The physical processes are illustrated as follows:35,13,38

AB1photon→H AB11e~direct ionization!

AB** → HAB11e~delayed ionization!
A1B~dissociation!

where AB** represents moleculeAB in a super-excited
state.

The analysis suggests that delayed ionization could
cur in 193 nm laser photo-ionization of TMAE. There a
several arguments to support this interpretation.

First, the delayed ionization mechanism can interpret
‘‘unexplained’’ experimental observations.~1! The delayed
ionization decays rapidly with time, so it becomes less i
portant during later times. This causesaeff to increase with
time. ~2! As the TMAE pressure increases, due to the co
sional reaction TMAE1TMAE** , TMAE** decays more
rapidly, so that the delayed ionization process is reduc
This is the reason that the plasma of 16 mTorr TMAE ca
decays more rapidly than that of 2 mTorr TMAE case.

Second, the delayed optical emission experime
strongly support the delayed ionization interpretation, wh
will be presented in the next section~Sec. III D!.

Third, there are many reports on delayed ionization p
nomenon in laser ionization of large molecules.14–36
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Fourth, the TMAE super-excited phenomenon has b
reported6 when excited from 185 to 196 nm, although th
relaxation time of the delayed ionization is not measur
According to this report, when TMAE is excited by a 19
nm laser, superexcited TMAE** can be created.

In sum, the mechanisms of the laser-produced TM
plasma decay processes are studied, compared with the
perimental measurements, and a delayed ionization pro
is indicated.

D. Optical emission measurement

A spectrometer at a right angle to the laser beam is
lized to collect the plasma emission. The temporal emiss
intensity at 480 nm with a 4 nmresolution is shown in Fig.
11. The first peak is primarily a response to laser induc
fluorescence~LIF!. For later times, such ast.100 nsec, the
LIF emission is greatly reduced. Interesting results oc
when 5, 50, and 760 Torr of nitrogen are added to 8 mTor
TMAE. The emission spectra intensity for 300 nsec,t
,1300 nsec is increased with increasing nitrogen press
as shown in Fig. 12. The relative spectra are very similar
all cases, which implies that the majority species has
changed during this period. The peak of 480 nm has b
reported as an emission for a TMAE Rydberg state~R1!
which has 20 nsec radiative lifetime.39,40Since nitrogen does
not react with TMAE in the ground state,41 and since nitro-
gen does not absorb the 193 nm photon, the enhanceme
the delayed emission intensity suggests that there shoul
an energy-storage mechanism during the laser shot, and
ergy is released during the delay process. The process o
energy storage should involve a long-lifetime~hundred of
nanosecond time scale! and highly excited species~above the
first TMAE Rydberg state energy!. This species is the sourc
for the enhanced delayed emission.

In sum, the results of the enhancement of the dela
emission from a TMAE plasma by nitrogen suggests tha
long-lifetime ~hundred of nanosecond time scale! highly ex-
cited state~above the first TMAE Rydberg state energy! is

FIG. 11. The emission temporal profile from laser-produced TMAE plas
measured at 480 nm.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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important in the TMAE plasma, which could be a source
the delayed ionization. This result supports the delayed
ization mechanism.

IV. MODEL

It is challenging to estimate the relaxation time of t
delayed ionization process due to the many physical
chemical processes involved. However, the laser-produ
TMAE plasma has some excellent properties which red
the number of those processes. In this experiment, diffus
and electron attachment processes are negligible due to
arguments discussed in Sec. III. The other three proc
~three-body recombination with either an electron or neu
as the third body, electron temperature effects or multi-
species processes! have been discussed and shown to be
adequate for interpreting the experimental results in Sec.
Thus it is reasonable to assume that the change in the
tron density is primarily due to the electron–ion recombin
tion process, and the delayed ionization process. So the
derivative of electron density is governed by

dne

dt
52ane

21D~ t !, ~6!

wherene is the electron density,a is electron–ion recombi-
nation rate, andD(t) is the delayed ionization rate~or elec-
tron density created by the delayed ionization in a unit tim!,
which should decay with time.

Substituting dne /dt52aeff ne
2 from Eq. ~3! into this

equation, we obtain

D~ t !5~a2aeff!ne
2. ~7!

The physical meaning ofa2aeff is the change in the effec
tive recombination coefficient due to the delayed ionizat
process.

The relaxation time,t, of the delayed ionization can b
defined as

FIG. 12. Nitrogen effect on delayed emission from the laser produ
TMAE plasma emission spectra, measured during the time window
300 nsec,t,1300 nsec after the laser pulse.
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t5
21

d ln D~ t !/dt
. ~8!

We substitute Eq.~8! into Eq. ~9!, and neglectd ln(a
2aeff)/dt. Thus the relaxation timet can be calculated ap
proximately as

t5
21

d ln@~a2aeff!ne
2#/dt

5
21

d ln~a2aeff!/dt1d ln~ne
2!/dt

'
21

d ln~ne
2!/dt

. ~9!

Here the approximation is valid if

Ud ln~a2aeff!

dt U!Ud ln~ne
2!

dt
U. ~10!

Since ud ln(a2aeff)/dtu5u(da/dt2daeff /dt)/(a2aeff)u, the
validation of Eq.~10! needs two conditions, namely,

uda/dtu!udaeff /dtu ~11!

and

U daeff /dt

~a2aeff!
U!Ud ln~ne

2!

dt
U. ~12!

The assumption uda/dtu!udaeff /dtu requires that the
electron–ion recombination coefficienta change much less
rapidly than the effect caused by the delayed ionization ra
In Sec. III B 2, the change ina due to the electron tempera
ture and three-body effects has been shown to be inadeq
for interpretation of the experimental results for the chan
in aeff , but only the delayed ionization mechanism provid
a good interpretation. This means that the change ofa with
time (da/dt) due to any reason other than the mechanism
delayed ionization is much smaller thandaeff /dt due to the
mechanism of delayed ionization, oruda/dtu!udaeff /dtu.

Equation~12! can be verified by substituting the releva
parameters, which are all measured in the experiment ex
thea value. To prove the validity of Eq.~12!, a is estimated
by the effectiveaeff measured in this work. The effectiveaeff

is a combination of electron–ion recombination~a value!
and delayed ionization contributions. Sinceuda/dtu
!udaeff /dtu, with the delayed ionization time scale increa
ing, its contribution to theaeff value decreases with time
Thus we conclude that thea value is larger thanaeff , and
they become closer for later times when the delayed ion
tion processes is less important. Based on this conclusion
can estimatea from the effectiveaeff that we have measured

For the 16 mTorr TMAE case,aeff increases from 2.1
31026 cm3/sec att51250 nsec to 2.831026 cm3/sec att
51750 nsec. Sinceaeff increases with time, aeff.3
31026 cm3/sec is predicted for later times. Thus,a.aeff

.331026 cm3/sec is predicted, based on the conclusion t
thea value is close to but larger thanaeff for later times. The
analysis here does not imply that thea value is around 3
31026 cm3/sec, but thea value could be larger, such as
31026 cm3/sec or more. A more accuratea value is difficult

d
f
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to predict from this work, but this estimate of a lower bou
for the a value is sufficient to verify the assumption in E
~12!.

The (daeff /dt)/(a2aeff) values can be calculated und
the assumption a5331026 cm3/sec or a5431026

cm3/sec. Those results compared with thed ln(ne
2)/dt values

are shown in Fig. 13, which verifies that Eq.~12! is well
satisfied for most cases, especially for highera values, or at
earlier times. The physical meaning for the condition impli
by Eq. ~12! is thata2aeff varies more slowly in time when
compared to the rapidly decaying electron density.

Under the conditions of Eq.~12!, the relaxation timest
of the delayed ionization can be calculated from Eq.~9!, and
the results are shown in Fig. 14. The points on the solid li

FIG. 13. ~a! ud ln(ne
2)/dtu versus time;~b! u(daeff /dt)/(k2aeff)u versus time

with the assumption ofk5331026 cm3/sec;~c! u(daeff /dt)/(k2aeffu versus
time with the assumption ofk5431026 cm3/sec. The data are under con
ditions of 4 mJ/cm2 laser fluence with TMAE pressures of~* ! 16 mTorr,
~L! 8 mTorr, ~s! 4 mTorr, and~v! 2 mTorr.

FIG. 14. The relaxation times of the delayed ionization calculated from
~9!. The data are under conditions of 4 mJ/cm2 laser fluence with TMAE
pressures of~* ! 16 mTorr,~L! 8 mTorr, ~s! 4 mTorr, and~v! 2 mTorr.
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are under the condition that (daeff /dt)/(a2aeff) is less than
30% of the d ln(ne

2)/dt values whena5331026 cm3/sec
~the lower bound! is assumed. The points on the dashed lin
do not satisfy this condition, but Eq.~12! could still hold if
the a value is larger than 331026 cm3/sec, which is quite
possible.

Two conclusions can be drawn from the relaxation tim
results from Fig. 14:~1! the relaxation time of the delaye
ionization increases with time, and~2! the relaxation time of
the delayed ionization decreases with increasing TM
pressure.

The relaxation time of the delayed ionization,t, is quite
comparable to the lifetime of the TMAE** state, because
TMAE** is the source of the delayed ionization. The lif
time of TMAE** can be influenced by the TMAE pressu
and electron density due to collisions. Thus, the relaxat
time t is related to TMAE pressures and electron densitie

As the electron density decreases with time, the rate
electron quenching of TMAE** decreases, so that the life
time of TMAE** and the relaxation time of the delayed io
ization increase with time.

As the TMAE pressure increases, the rate of TMAE m
lecular quenching of TMAE** increases, so that the relax
ation time decreases.

In sum, with the assumption that electron density chan
is primarily due to electron–ion recombination and delay
ionization processes, a model is developed to calculate
relaxation time of the delayed ionization, which is longer f
lower TMAE pressures and lower electron densities.

V. SUMMARY

A fast Langmuir probe technique is developed to dia
nose the decay process of a laser-produced TMAE plas
which has a large volume~hundreds of cm3!, high density
(1013– 1012cm23), and low electron temperature~;0.1 eV!.

In this experiment, the apparent electron–ion recombi
tion coefficient is found to increase with time, and for high
TMAE pressures, the faster the increase. But the chang
the recombination coefficient is only weakly dependent
electron temperature. The optical experiments show that
trogen can enhance the delayed emission from a TMAE
dberg state in TMAE plasma. The analysis compared w
the experiments indicates that a delayed ionization after
laser excitation is an important process in the TMAE plas
decay.

With the assumption that electron density changes
primarily due to electron–ion recombination and delay
ionization processes, a model is developed to calculate
relaxation time of the delayed ionization, which is longer f
lower TMAE pressures and lower electron densities.
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