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A large volume(hundreds of crf) plasma is created by a 193 nm laser ionizing an organic vapor,
tetrakigdimethyl-amingethylene(TMAE). The plasma is characterized as high electron density
(10*-10cm3) and low electron temperature~0.1 e\). 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.20®1 American Institute of
Physics. [DOI: 10.1063/1.1329154

I. INTRODUCTION nation with either electrons or neutrals as the third body,
electron temperature effects, or multi-ion species processes.
lonization of organic molecules with ultraviolet lasers On the other hand, a new decay mechanism, the delayed
is a new technique for generating large volume, homogeonization process, is indicated for the following reasqs:
neous, well-defined plasmasTMAE is a readily ionized 4 delayed ionization mechanism provides the only good in-
organic gas, tetrakidimethyl-amingethylene, which can terpretation for all results(2) the delayed optical emission
be single-photon ionized by a 193 nm laser, so that a larg@xperiments support this interpretatio(3) there are many
volume (hundreds of cr), high initial plasma density reports on delayed ionization phenomena in laser photo-
(>10"%cm™®) plasma can be creatéd This technique has jonization experiments, an@#) an auto-ionization phenom-
many potential applications, including a microwave reflectorenon in TMAE is also reportédlthough no measurement of
or absorbef: the relaxation time of the delayed ionization is given. Rea-
In this manuscript, the plasma parameters are primarilgons(1) and (2) are presented in detail in this manuscript,
detected by a single Langmuir probe. However, difficultiesand reason¢3) and (4) are supported by other works, which
lie in the special characteristics of TMAE plasma, includingare discussed in later sections. Incorporating the delayed ion-
(1) high electron density (£8-10"cm™ ) and low electron jzation process, a model for the decay processes is devel-
temperature~0.1 eV), (2) a rapid decay rate which requires gped, and utilizing the experimental data the relaxation time

a fast time response detection system €@)gprobe contami-  of the delayed ionization is predicted.
nation by TMAE vapor. The techniques of the fast Langmuir

probe measurements including probe structure, probe surfage EXPERIMENT
cleaning, electromagnetic shielding, frequency response o
the detection system, physical processes present in pro
measurement interpretations, dummy probe corrections as The TMAE plasma is created by a 193 nm laser photo-
well as noise analysis will be illustrated in detail in the ex-ionization of TMAE vapor in 2—16 m Torr pressure range. A
perimental section. schematic experimental arrangement is illustrated in Fig. 1.
The decay process of the laser-produced TMAE plasm@ laboratory plasma is created in a 50 cm long by 15 cm
is an important consideration for this technique. However, itdiameter cylindrical glass chamber, which is pumped to a
is not as simple as atomic or small molecular ion plasmaase pressure of %610 ' Torr by a diffusion pump. A Su-
decay. In our experiment, we find that the apparent electronprasil window which is transparent down to 180 nm is
ion recombination coefficient increases with time, and it in-mounted on the laser entrance end of the vacuum chamber.
creases more rapidly at higher TMAE pressures. HowevelQn the opposite side of the chamber, a Langmuir probe and
the change in the recombination coefficient is only weaklytwo flow feeds to introduce the TMAE vapor and nitrogen
dependent on electron temperature. This phenomenon ase inserted through feedthroughs to the vacuum chamber.
well as other experimental results cannot be interpreted by A Lumonics PM842 excimer laser runs in an ArF mode
plasma diffusion, electron attachment, three-body recombiand produces 193 nm wavelength radiation. The half-width

Laser-produced TMAE plasma
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5 ihogen utilizing a dummy probe method. The dummy probe is an
T identical probe to the measurement probe, except that it is
st g& A Laser produced plasa e not exposed to the plasma. In this experiment, the signal
WLAF]T\J _4» from the dummy probe is always smaller than 0.1% of the
P i electron saturation current and smaller than 10% of the ion
| lespen Vacuum chamber saturation current obtained from the measurement probe. For
,ﬂ%ﬁgggﬁ;) the electron saturation current measurements, the noise from
Monoghmmamﬂ the plasma is neglected. For the ion saturation current mea-
— surements, the difference between measurement and dummy
L PMT probe signals is regarded as the correct signal.
f v] «{ Boxcar H Voltage } Fast responseA signal generator drives thg probe tip to
Protdode T Scanning measure the frequency response of the detection system. The
wave signals are varied from 200 MHz to 20 kHz. When
Oscilloscope |——{ Computer comparing the input from the generator and the output from
data acquisition system, the relative errors for 20 kHz to 2
FIG. 1. Schematic of the experimental arrangement. 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% to

) . 8%. This is sulfficient for our experimental delay time range
of the laser pulse is 20 nsec. The laser output cross section % 5 1 to 2 usec.

2.4x3.2 cnf. The laser fluence is in the range of 4-8
mJ/cnt. The laser attenuation length for 10 mTorr TMAE is
1.7 m. The laser beam is quite unifortl/I <10% as mea-
sured by an apertured photo-diode. A calorimeter is used t
accurately measure the laser beam intensity.

Probe measurement at early stageThere are many
physical processes in a laser-produced plasma during the
early stages. Langmuir probes can be used for accurate mea-
Qurements aftet>100nsec but it is difficult to predict
plasma parameters for earlier timds<(L00 nsec). This has
been discussed in detail in our previous wérkhe laser
B. Fast Langmuir probe diagnostics pulse is typically extinguished in 35 nsec. When the laser is

Probe structure: The plasma parameters are primarily ©n, @ probe sheath is forming, so the transient ion current,
detected by a single planar Langmuir probe, which consistgisplacement current, as well as laser effects on the probe are
of a double-shielded 50 coaxial cable connected to a tung- €xpected to influence the probe current. After the laser is
sten wire. The radius of the probe for ion saturation currenturned off, the laser effects are eliminated. The sheath re-
measurements is 0.5 mm and that for electron saturation cupponse time is the order af,;*, Wherewp. is the plasma ion
rent measurements is 0.25 mm. The detailed probe structufeequency, ando,;*= 10 nsec for 1&cm™* TMAE ion den-
is shown in Fig. 2. The tungsten wire probe is insertedsity. Then after severab,;il, the transient ion current be-
through a hole of a four-bore alumina tube. In order to keeggomes very small. In the meantime, the probe sheath is
the probe surface clean, an 8 cm long half-loop of 0.15 mnformed, and the displacement current is small. Thus, all the
diameter tungsten wire provides an indirect ohmic heatingdata in this manuscript are measured afted 00 nsec.

The last hole is for a dummy probe wire, which is identical ~ Probe sheath The planar Langmuir probe in this ex-
to the measurement probe wire, except that it is not exposeeriment is a cross section of a Tungsten wire, of which the
to the plasma. The exposed parts of the heating wire and thradiugr) is 0.5 mm for ion saturation current measurements.
dummy probe are covered with a ceramic adhesive and &he probe area ig?m, but the sheath around the probe can
glass insulation layer to insulate them from the plasma.  increase the probe current collection area teor 2;- 2rs,

Shielding and noise Double-shielding and double- where the sheath widthcan be calculated from the Child—
isolating layers for the probe are shown in Fig. 2. For aLangmuir law. When the bias voltage is chosen as 1 V, the
rapidly pulsed plasma, the insulation and shielding for thecorrection of the sheath edge effect is not significant
Langmuir probe might not be perfect. We check the noisg<20%). The sheath motion current due to the change of
from the plasma wave penetration to the probe circuit byplasma parameters with time is very small0%) when a

Alumina tube

Copper foils 5mm long Alumina tube

_ radius 0.5 mm(outside)

Measurement

Coaxial cables r‘ FIG. 2. Langmuir probe structure.
Dummy - ‘,—\-------------------' 0
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FIG. 3. Typical |-V characteristic from Langmuir probe measurement, FIG. 4. Electron density versus time under conditions of 4 m3eser
taken under 2 mTorr TMAE pressure and 4 mJdaser fluence 200 nsec fluence with TMAE pressures ¢f) 16 mTorr,(CJ) 8 mTorr, (O) 4 mTorr,
after the laser shot. and(<0) 2 mTorr.

small bias voltage is chosen, such as 1 V. Electron saturatio(gf
currents do not need these corrections since the Debye Ieng&la
is hundreds of times smaller than the probe size in this ex
periment.

Signal sampling The Langmuir probe current—voltage
characteristic curve is measured by a sampling techniqu
with a boxcar, and the schematic arrangement is illustrated i
Fig. 1. A sampling technique, triggered by the laser with
fixed delay, can be applied to the probe current, provide
that the bias potential applied to the probe is slowly an

linearly sganned. By s.uch.a techmque,lan/ gharactenshc . ratios J; s/ Je sat @re almost constant with time within 10%
can be displayed, which is considered equivalent to an in ‘ i

tant h teristic. The b f ind over 2 usec. This implies that during the initial 2sec, only
S %Tharfoqs 2CO aractenistic. € boxcar sampling WiNAOW,e gominant ion is present and the negative ion proportion
width (A7) is 20 nsec. is small. The electron density and temperature versus differ-

ent delay times relative to the laser pulse are shown in Figs.
C. Optical emission 4-7.

the logarithmicl —V characteristic, and the linear fit typi-
lly covers more than two decades of the probe signal val-
ues. The electron density is calculated from the electron satu-
ration current ¢ o5, Which is very flat with variations within
10%. The electron saturation current is independent on the
fon species which is very important for a molecular plasma.
theory, the ratio of ion to electron saturation current den-
ity, Ji saf/ Je,sav IS NoOt dependent on plasma density, elec-
ron temperature, or probe area, but only dependent on ion
ass and negative ion proportion. In this experiment, the

The plasma emission is measured by a monochromator

at a right angle to the laser beam. A cutoff fil{er285 nm

is placed in front of the monochromator to eliminate the 193 o050 - i
nm laser light. A photo-multiplier tubéPMT) is connected

to the monochromator, and its signal drives the boxcar,
which provides the time-resolved emission spectra measure %4 |
ments. When a wavelength is fixed, and the PMT is con-<
nected to a fast Tektronix digital storage oscillosc@dedel
TDS 350, 1 GH% the emission temporal profile at this
wavelength is recorded. The data are typically averaged oveg
32 pulses. In this experiment, the temporal response time i:'f
10 nsec, and the resolution of the monochromator is set to <

0.30

erature (eV/

0.20

8
nm in order to obtain good signal-to-noise ratios. .
0.10
IIl. RESULTS AND DISCUSSIONS
A. Electron density and temperature 0.00 ‘ . .
0.0 500.0 1000.0 1500.0 2000.0
The decay process of the laser-produced TMAE plasme Time (ns)

IS prlmarlly measured by a planar Ifar.]gmu” prpbe. The t)./pl-FIG. 5. Electron temperature versus time under conditions of 4 mJaser
cal Langmuir probel =V characteristic curve is shown in fyence with TMAE pressures ¢f) 16 mTorr,(¢) 8 mTorr, (O) 4 mTorr,

Fig. 3. The electron temperature is determined from the slopend (<)) 2 mTorr.
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FIG. 6. Electron density versus time under conditions of 8 mTorr TMAE FIG. 8. Time-resolved plasma density profileyimimension.
pressure with laser fluences @f) 8 mJ/cn? and (<) 4 mJ/cni.
. dng ) )
The electron temperaturf,,, decays more rapidly at T DVng— aeNe— vaNe, @

earlier times than at later times. The electron densities at
earlier times are higher for both higher laser power andvhereD is plasma diffusion coefficientye is the effective
higher TMAE pressures, but for higher TMAE pressures, theecombination coefficient, and, is the electron attachment
electron density decays more rapidly. rate.

Many experimental results are readily interpreted. The
reason fo_r sgch a low in.itial electron temperature is due 10 plasma diffusion
photo-ionization mechanisms. The electron temperature de-
cay is due to electron—molecular collisions. The higher elec- ~ For our large plasma volumé2.4x3.2x50 cnt), the _
tron densities at earlier times for both higher laser power anflasma diffusion process in the center is very small during
higher TMAE pressure correspond to the initial higher ion-the initial 2 sec period after the laser shot. The time-resolved

ized number density from the laser photo-ionization ofdensity spatial profile is shown in Fig. 8, which shows that
TMAE. the diffusion is small in the center frsec time scales. The

laser fluence over its output cross section is unifofyl
<10%. It attenuates slightly along the propagation direction,
B. Analysis of plasma decay processes and the fluence gradient is below 1%/cm in this experiment,
For a source-free plasma, the density decay process &2 that the electron density is correspond_ingly un_iforr_n in_i-
usually described as tially. On the qther _hanc_i, the plasma ambipolar d|ffl_JS|or_1 is
dependent on ion diffusion rather than on electron diffusion,
and the maximum velocity of ion is the order of ion sound
0.50 , , , speed, VkT./M;, which means diffusion is important only
on the order of 0.4 mm from the edge fop@ec time scales.
Thus, in the center of our large volume plas(@atx3.2x50
cm), the diffusion process can be neglected for the initial
microsecond time scale period.

0.40

080T 2. Electron attachment

Since the TMAE molecule is a strong electron donor
1 rather than an electron acceptor, the rate of electron attach-
ment to TMAE should be small. Since the electron mobility
in liquid TMAE is very large® this implies that the electron
attachment rate to the TMAE molecule should be small. In
this experiment, Langmuir probe measurements can deter-
mine if negative ions are present. Holnetsal® has given a

0.20

Electron Temperature (eV)

0.0 5000 1000.0 1500.0 2000  formula to calculate the negative ion density,
Time {(ns)
. . Je,sat 1 n_ IVli
FIG. 7. Electron temperature versus time under conditions of 8 mTorr =—|1-— , 2
TMAE pressure with laser fluences 6f) 8 md/cnf and (<) 4 mJ/cnd. i,sat 0.6 ny 2”Tme
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FIG. 9. Effective electron—ion recombination coefficient versus time under g N * *
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FIG. 10. Comparison of the variation ofy; and T, with time under con-
ditions of 4 mJ/crf laser fluence with TMAE pressures of 2 and 16 mTorr.
whereM; is the positive ion massn, is the electron mass,

n_ andn, are the negative and positive ion density, respec-

tively, and Je,sor @nd Jj ¢ @re electron and ion saturation Another result is that the change ing is only weakly
current densities. If negative ion formation is important, yependent on the change in electron temperature. If the elec-
n-/n. should increase with time due to rapidly decaying iny.on temperaturer, effect was important in the change in
n, and increasing im_ from zero, so that the electron and e, a larger] AT,| should cause a larger changedigy, but

ion saturation current density ratid safJi sa Should de- e experimental results in Fig. 10 show the opposite rela-
crease with time. However, no decreasing trend of the ratig,, First, fromt= 100 nsec td = 2000 nsec|AT,| for the 2

Je,sal Ji sar With time can be found within 10% over 2sec.  mrorr TMAE case is larger than that in the 16 mTorr case,
Thus, the electron attachment effect must be very small fop |Aaeq] in the 2 mTorr case is smaller than that of 16

our experimental conditions over the initial;zec. mTorr case. Second, for the 16 mTorr TMAE pressure case,

T, is almost constant in time (O sec<t<2 usec), but the
aq IS approximately tripled. These results show that the
change ina.s is only weakly dependent on the change in
With the neglect of both diffusion and electron attach-electron temperature. This agrees with a generaltulet
ment processes, which are small in the experiment,(Bq. for a larger molecular iong is less electron temperature

3. Electron —ion recombination

becomes dependent, e.g., 40" (H,0), and NH; (NH;), plasmak-*?
dn which are almost independent f, .
d_te:_aeﬁ né. ©) The experimental results cannot be interpreted by the

three-body recombination and muti-ion species effects:

The solution to this equation is (1) The process of three-body recombination with the

1 1 ty electron as the third body (ion+e+e): This process
n_1: n_0+ fto aerdt, (4) causesa to decrease as the electron density decays.
This is contrary to the observation that thg; increases
wheren, andn, are the electron densities at tintgsandt,, as the electron density decays.

respectively. The effectivere in this manuscript are ap- (2) The process of three-body recombination with the
proximately calculated from the corresponding electron den-  TMAE molecule as the third body (ion+e+TMAE ):

sities at two successive measurement times: The TMAE density is constant with time, so this process
1 cannot interpret the increase afy with time. In addi-
aeﬁ=(n—— o / (t1—top). (5) tion, to our knowledge, there are no reports of such a
1o three-body process being important in the mTorr scale
Using the data in Figs. 4 and 6, we plei; versus time range.

for different experimental conditions in Fig. 9. The results(3) The multi-ion species effectThis effect must causeqs
show thata is not constant with time, but increasing. The to decrease with time. If two components are assumed,
higher the TMAE pressure, the more rapid the increase in the component with a larger; decays more rapidly, so
aef With time. the proportion of the component with the larggrmust
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decrease with time. As a result, the glolak must de-
crease with time. This is in conflict with the experimen-
tal results ofa.k increasing with time. In addition, the LIF
ratiosJ; ¢a Je satfrom the Langmuir probe measurement
are constant within the experimental erf@0%y), which
implies that over the initial Zusec, the ion species mix

does not change.
Delayed Emission

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

Relative Intensity

C. Delayed ionization 0 500 1000 1500
Time (ns)

Photons absorbed by TMAE molecules may not contrib-
ute to direct ionization. When the TMAE molecule is excited F'G: 11. The emission temporal profile from laser-produced TMAE plasma
by the laser photori6.4 eV), the total energy(electronic measured at 480 nm.
+vibrationah-rotationa) exceeds the first ionization poten-
tial (5.4 eV for TMAE), but some of those molecules are still Fourth, the TMAE super-excited phenomenon has been
neutral. Such an excited state is called a super-excitepeportea when excited from 185 to 196 nm, although the
.state%3'Th|s phené)menon has been found in many moleculegg|axation time of the delayed ionization is not measured.
including TMAE? For some of them, the lifetime can be According to this report, when TMAE is excited by a 193
hundreds of nsec, even tensufec, and the most prominent . laser, superexcited TMAE can be created.
example isCeo."*** There are a{go many reports for g'iher In sum, the mechanisms of the laser-produced TMAE
molecules such as benzefie;® benzene ~clusterS; plasma decay processes are studied, compared with the ex-

. 3 4
bgnzene-r_logzlSe gas ezg'mez'?sa naphthalené; azuler%ezz,s perimental measurements, and a delayed ionization process
triethylamine;® ketene;® Nb, Ta, and W clusters] is indicated.

C0,**?fullerenesC,(n<96) % etc. There are many theo-
retical articles, tod**? The experiments and theories are
summarized in review articleS® D. Optical emission measurement

When a molecule is excited by a photon with energy A spectrometer at a right angle to the laser beam is uti-
higher than its ionization potential#P), it does not neces- |ized to collect the plasma emission. The temporal emission
sarily promptly ionize, particularly for a large molecdfe. intensity at 480 nm wit a 4 nmresolution is shown in Fig.

The physical processes are illustrated as folldws:** 11. The first peak is primarily a response to laser induced
AB* +e(direct ionization fluorescencéLIF). For later times, such &@s>100 nsec, the
AB+ photon— AB™ +e(delayed ionizatiop LIF emission is greatly reduced. Interesting results occur

AB** when 5, 50, and 760 Torr of nitrogen are added to 8 mTorr of
TMAE. The emission spectra intensity for 300 ns&c
where AB** represents moleculd&B in a super-excited <1300 nsec is increased with increasing nitrogen pressure,
state. as shown in Fig. 12. The relative spectra are very similar for

The analysis suggests that delayed ionization could ocall cases, which implies that the majority species has not
cur in 193 nm laser photo-ionization of TMAE. There are changed during this period. The peak of 480 nm has been
several arguments to support this interpretation. reported as an emission for a TMAE Rydberg stéRd)

First, the delayed ionization mechanism can interpret thavhich has 20 nsec radiative lifetini&“°Since nitrogen does
“unexplained” experimental observationél) The delayed not react with TMAE in the ground staféand since nitro-
ionization decays rapidly with time, so it becomes less im-gen does not absorb the 193 nm photon, the enhancement of
portant during later times. This causeg; to increase with  the delayed emission intensity suggests that there should be
time. (2) As the TMAE pressure increases, due to the colli-an energy-storage mechanism during the laser shot, and en-
sional reaction TMAB-TMAE**, TMAE** decays more ergy is released during the delay process. The process of the
rapidly, so that the delayed ionization process is reducecenergy storage should involve a long-lifetinfleundred of
This is the reason that the plasma of 16 mTorr TMAE casenanosecond time scaland highly excited specid¢above the
decays more rapidly than that of 2 mTorr TMAE case. first TMAE Rydberg state energyThis species is the source

Second, the delayed optical emission experimentfor the enhanced delayed emission.
strongly support the delayed ionization interpretation, which  In sum, the results of the enhancement of the delayed

A+ B(dissociation

will be presented in the next sectig8ec. 11 D). emission from a TMAE plasma by nitrogen suggests that a
Third, there are many reports on delayed ionization phelong-lifetime (hundred of nanosecond time sgahéghly ex-
nomenon in laser ionization of large molecutés®® cited statéabove the first TMAE Rydberg state energg

Downloaded 08 Aug 2002 to 128.104.184.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



340 Phys. Plasmas, Vol. 8, No. 1, January 2001 Ding, Scharer, and Kelly

dt

0.80 r r T -1
T dInD(vy/dt’ ®)
Peak of
ago L TMAE Rydberg state R1 ] We substitute Eq(8) into Eq. (9), and neglecd In(«
—agg)/dt. Thus the relaxation time can be calculated ap-
.g 760Torr N2 proximately as
£ + 8 mTorr TMAE
o 0401 50 Torr N2 — 1 o -1
s dIn[(a— aen)na]/dt
i Pure 8 mTorr TMAE
-1 -1 g
0.20 | = ~ ]
dIn(a— aer)/dt+dIn(n2)/dt  dIn(n2)/dt ©
Here the approximation is valid if
TS 700 dl din(n?)
nla—a n(n
Wavelength (nm) ( eﬁ)| ‘ ° ‘ (10

< .
|l odt |
FIG. 12. Nitrogen effect on delayed emission from the laser produced

TMAE plasma emission spectra, measured during the time window ofSince |d In(a— ae)/dt|=|(da/dt—daeq/dt)/(a— aer)|,  the

300 nsee t<1300 nsec after the laser pulse. validation of Eq.(10) needs two conditions, namely,

|da/dt|<|dags/dt| 11
important in the TMAE plasma, which could be a source for
the delayed ionization. This result supports the delayed ion2"
ization mechanism.

daegi/dt | ‘d |n(n§)\
< . 12
(a—aeﬁ)’ dt | (12

IV. MODEL _ _
The assumption |da/dt|<|dacs/df requires that the

It is challenging to estimate the relaxation time of the electron—ion recombination coefficientchange much less
delayed ionization process due to the many physical angapidly than the effect caused by the delayed ionization rates.
chemical processes involved. However, the laser-producegh Sec. Il B 2, the change i due to the electron tempera-
TMAE plasma has some excellent properties which reduceure and three-body effects has been shown to be inadequate
the number of those processes. In this experiment, diffusiofor interpretation of the experimental results for the change
and electron attachment processes are negligible due to the o, but only the delayed ionization mechanism provides
arguments discussed in Sec. Ill. The other three process good interpretation. This means that the change with
(three-body recombination with either an electron or neutratime (da/dt) due to any reason other than the mechanism of
as the third body, electron temperature effects or multi-iorgelayed ionization is much smaller thaa«/dt due to the
species processebave been discussed and shown to be inmechanism of delayed ionization, fata/dt|<|daex/dt].
adequate for interpreting the experimental results in Sec. lll.  Equation(12) can be verified by substituting the relevant
Thus it is reasonable to assume that the change in the elegarameters, which are all measured in the experiment except
tron density is primarily due to the electron—ion recombina-the o value. To prove the validity of Eq12), « is estimated
tion process, and the delayed ionization process. So the timg the effectiven 4 measured in this work. The effectiveg

derivative of electron density is governed by is a combination of electron—ion recombinatiéa value
d and delayed ionization contributions. Sincéda/dt]|
d_te: —anZ+D(1), (6)  <|daeg/dt], with the delayed ionization time scale increas-

ing, its contribution to thex value decreases with time.
wheren, is the electron densityy is electron—ion recombi- Thus we conclude that the value is larger thanmv, and
nation rate, and(t) is the delayed ionization rat@r elec- they become closer for later times when the delayed ioniza-
tron density created by the delayed ionization in a unit Jime tion processes is less important. Based on this conclusion, we

which should decay with time. can estimatex from the effectiven that we have measured.
Substitutingdng/dt= — a ng from Eq. (3) into this For the 16 mTorr TMAE caseg.y; increases from 2.1

equation, we obtain X 10 8 cm’/sec att=1250nsec to 2.810 ®cm?/sec att
D(t)=(a—aeﬁ)n§. 7) =1750nsec. Sinceag; increases with time, ag>3

X106 cm?/sec is predicted for later times. Thus;> o
The physical meaning af — a is the change in the effec- >3Xx10 ® cm’/sec is predicted, based on the conclusion that
tive recombination coefficient due to the delayed ionizationthe « value is close to but larger than; for later times. The

process. analysis here does not imply that thevalue is around 3
The relaxation timey, of the delayed ionization can be X 10 ®cm®/sec, but thex value could be larger, such as 4
defined as X 108 cmP/sec or more. A more accuratevalue is difficult
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80 are under the condition thatl . /dt)/(a— aeg) is less than

30% of thedIn(nd)/dt values whena=3x10"%cm’/sec
(the lower boundis assumed. The points on the dashed lines
do not satisfy this condition, but E§12) could still hold if
the « value is larger than 810 6 cm®/sec, which is quite
possible.
Two conclusions can be drawn from the relaxation time
40 1 results from Fig. 141(1) the relaxation time of the delayed
o i : ionization increases with time, ari@) the relaxation time of
L e—te——— ] the delayed ionization decreases with increasing TMAE
pressure.
G The relaxation time of the delayed ionizatian,is quite
comparable to the lifetime of the TMAE state, because
TMAE** is the source of the delayed ionization. The life-
time of TMAE™ can be influenced by the TMAE pressure
and electron density due to collisions. Thus, the relaxation
time 7 is related to TMAE pressures and electron densities.
FIG. 13. (@) |d In(nd)/dt| versus time;(b) |(daeg/dt)/(k— aeg)| versus time As the electron density decreases with time, the rate of
with the assumption dk=3x 10"° cm?/sec;(c) | (daer/di)/(k—aeq| versus  electron quenching of TMAE decreases, so that the life-
time with the assumption df=4x10"° cm/sec. The data are under con- time of TMAE** and the relaxation time of the delayed ion-
ditions of 4 mJ/crh laser fluence with TMAE pressures ¢f) 16 mTorr, R . . .
(¢) 8 mTorr, (O) 4 mTorr, and(<l) 2 mTorr. ization increase with time.
As the TMAE pressure increases, the rate of TMAE mo-
lecular quenching of TMAE" increases, so that the relax-

to predict from this work, but this estimate of a lower bound@ation time decreases. _ _
for the a value is sufficient to verify the assumption in Eq. /N Sum, with the assumption that electron density change
(12). is primarily due to electron—ion recombination and delayed

The (da/dt)/(a—ay) values can be calculated under ionization processes, a model is developed to calculate the
the assumption a=3X10 6cni/sec or a=4x10"° relaxation time of the delayed ionization, which |_s.longer for
cmi/sec. Those results compared with 'dhtn(né)/dt values lower TMAE pressures and lower electron densities.
are shown in Fig. 13, which verifies that Ed.2) is well
satisfied for most cases, especially for higheralues, or at
earlier times. The physical meaning for the condition implied
by Eq.(12) is thata — a.y varies more slowly in time when A fast Langmuir probe technique is developed to diag-
compared to the rapidly decaying electron density. nose the decay process of a laser-produced TMAE plasma,

Under the conditions of quZ), the relaxation times which has a |arge Vo|umé‘|undreds of Cﬁ), h|gh density
of the delayed ionization can be calculated from &), and  (10'*-102cm™2), and low electron temperatufe-0.1 e\).
the results are shown in Fig. 14. The points on the solid lines | this experiment, the apparent electron—ion recombina-

tion coefficient is found to increase with time, and for higher
TMAE pressures, the faster the increase. But the change in

08 ' ' ‘ the recombination coefficient is only weakly dependent on
electron temperature. The optical experiments show that ni-
trogen can enhance the delayed emission from a TMAE Ry-
dberg state in TMAE plasma. The analysis compared with
the experiments indicates that a delayed ionization after the
laser excitation is an important process in the TMAE plasma
decay.

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

6.0

oA
o ©
T

|din{n®)/dt(us ™)}

® o
o o

(b)

o
=)
T

o
=3
T
-

(ot /lt(3ct, s ™)

® o
o o

O
o © o©
T T T

[dor /i (4-ct,g)ps )]

o
=)

(=]
(34
(o). .
o
—
o
(=]
o

1500 2000
Time (ns)

V. SUMMARY

o
(=)

e
IS

Relaxation time of the delayed ionization(us)
(=]
B

ACKNOWLEDGMENTS

o
<)

0 560 1060 1560 2000
Time (ns) This work was primarily supported by Air Force Office
FIG. 14. The relaxation times of the delayed ionization calculated from Eq.Of Scientific research gran(ﬁsrant _NOS' _F49620-94-1-0054
(9). The data are under conditions of 4 mJfciaser fluence with TMAE and F49620-97-1-0262n Coop_eratlo_n W'”_] the Defense De-
pressures of*) 16 mTorr,(<¢) 8 mTorr, (O) 4 mTorr, and(<l) 2 mTorr. partment Research and Engineering Air Plasma Ramparts

Downloaded 08 Aug 2002 to 128.104.184.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



342 Phys. Plasmas, Vol. 8, No. 1, January 2001

Ding, Scharer, and Kelly

Multi University Research Initiative program. It was also *'R. G. Neuhauser, K. Siglow, and H. J. Neusser, J. Chem. R0 896

supported in part by NSF Grant No. ECS-990548 and the,

University of Wisconsin.

1J. R. Woodworth, T. A. Green, and C. A. Frost, J. Appl. P§j&.1648
(1985.

2G. Ding, J. E. Scharer, and K. Kelly, J. Appl. Phge, 1236(1998.

3K. Kelly, J. E. Scharer, and G. Ding, J. Appl. Ph{§, 63 (1999.

“W. Shen, J. E. Scharer, B. G. Porter, N. T. Lam, and K. Kelly, J. Appl.

Phys.78, 6974(1995.

5Y. S. zhang and J. E. Scharer, J. Appl. PH§R. 4779(1993.

6Y. Nakato, M. Ozaki, and H. Tsubomura, Bull. Chem. Soc. 3.1299
(1972.

"F. F. Chen, “Electric probes,” irPlasma Diagnostic Techniquesdited
by R. H. Huddlestone and S. L. Leonaflicademic, New York, 1965
Chap. 4.

8R. A. Holroyd, S. Dhrnso, and J. M. Preses, J. Phys. CtgSn4144
(1985.

A. J. T. Holmes, L. M. Lea, A. F. Newman, and M. P. S. Nightingale, Rev.

Sci. Instrum.58, 223 (1987).

10M. A. Biondi, “Recombination,” in Principles of Laser Plasmasdited
by G. Bekefi(Wiley, New York, 1976, Chap. 4, pp. 127-146.

M. T. Leu, M. A. Biondi, and R. Johnsen, Phys. Rev7A292 (1972.

2C. Huang, M. Whitaker, M. A. Biondi, and R. Johnsen, Phys. Re\t8A
64 (1978.

13G. Y. Marr Photoionization Processes in Gasé&cademic, London,
1967).

A, C. Jones, M. J. Dale, M. R. Banks, I. Gosney, and P. R. Langr|dge37A

Smith, Mol. Phys.80, 583(1993.
5. B. Gallogly, Y. Bao, K. Han, H. Lin, and W. M. Jackson, J. Phys.
Chem.98, 3121(1994).

(1997).
A. Held, L. Y. Baranov, H. L. Selzel, and E. W. Schlag, J. Chem. Phys.

106, 6848(1997).

W, G. Scherzer, H. L. Selzle, and E. W. Schlag, Z. Naturforsch8A
1256(1993.

2C. E. Alt, W. G. Sherzer, H. L. Selzle, and E. W. Schlag, Ber. Bunsenges.
Phys. Chem99, 332(1995.

2lW. G. Sherzer, H. L. Selzle, E. W. Schlag, and R. D. Levine, Phys. Rev.
Lett. 72, 1435(1994.

224, Krause and H. J. Neusser, J. Chem. PI9g5.6278(1993.

23M. C. Cockett, H. Ozeki, K. Okuyama, and K. Kimura, J. Chem. PBgs.
7763(1993.

%D, Tanaka, S. Sato, and K. Kimura, Chem. P89, 437 (1998.

25| A. Pinnaduwage and Y. Zhu, Chem. Phys. L&7, 147 (1997.

%6C. C. Pan, C. C. Chou, C. H. Lu, Y. Tai, and K. C. Lin, J. Chem. Phys.
107, 3797(1997.

2Ip. Amrein, R. Simpson, and P. Hackett, J. Chem. P®{s.1781(1991).

ZA. Amrein, R. Simpson, and P. Hackett, J. Chem. Plys 4663(1991).

294, Lin, K. L. Han, Y. H. Ban, E. B. Gallogly, and W. M. Jackson, J. Phys.
Chem.98, 12495(1994.

30K, W. Kennedy and O. Echt, J. Phys. Ched7, 7088(1993.

31F, Negri and M. Z. Zgierski, J. Chem. Phyk07, 4827(1997).

32k, Merkt and R. N. Zare, J. Chem. Phy€)1, 3495(1994).

33E. W. Schlag and R. D. Levine, J. Phys. Che8, 10608(1992.

34R. D. Levine, Adv. Chem. Phy4.01, 625(1997.

35H. Nakamura, Int. Rev. Phys. Chert0, 123 (1991).

36E. W. SchlagZEKE Spectroscop§Cambridge U.P., Cambridge, 1998

Remacle and R. D. Levine, Phys. Lett.1x3 283(1993.

. Koizumi, J. Chem. Phy<95, 5846(1991).

39M. Hori, K. Kimura, and H. Tsubomura, Spectrochim. Acta, Par24

1397(1967.

I

6. G. Scherzer, H. L. Selzle, E. W. Schlag, and R. D. Levine, Phys. Rev®Y. Nakato and H. Tsubomura, J. Luming, 2105(1976.

Lett. 72, 1435(1994.

414, Weingarten and W. A. White, J. Org. CheBi, 3427 (1966.

Downloaded 08 Aug 2002 to 128.104.184.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



