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Photophysical and electron attachment properties of ArF-excimer-laser irradiated H
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Detailed electron attachment and spectroscopic measurements are reported on ArF-excimer-laser irradiated
H,. These studies indicate that previously reported efficienfétmation in ArF-laser irradiated Hs due to
electron attachment to high-lying Rydbe(igR) states indirectly populated by the laser irradiation. Electron
attachment studies indicate a lifetime ®#0 ns for the electron attaching st@e The spectroscopic studies
show that vacuum ultraviolet emission due to Bié3, F — X 12; transitions continues for up te 100 ns after
the termination of the laser pulse and thus thatBhstate is populated by cascades from higher-lying states
with longer lifetimes. The temporal profile of Lymanemission due to the k(=2) to H(n=1) transitions is
consistent with the production of KHE?2) states by electron attachment to HR states.
[S1050-294{@7)00206-0

PACS numbgs): 33.20-t, 33.80—b, 34.10+x, 32.80.Rm

I. INTRODUCTION shown were taken from Shafdl] except for the doubly
excited superexcited statés; (2po, 2soy), which was

Electron attachment to the=0 vibrational level of taken from Gubermafl2]. The absorption of two photons
ground electronic staté 129+ , of H, moleculegwhere most of the 193 nm ArF-excimer line results in the excitation of

i I+ 1y +
of the H, molecules are at 300)Ks extremely weak, having Hz from its ground stateX "3, (v=0) to theE,F "4 (v
a peak cross section of 1.6x 102 cr? at an electron en- =6) level (this vibrational state is sometimes labeledvas
ergy of 3.75 eV(rate constant-10~ cns 1) [1]. How- =2, referring to the level located in the inner potential well

ever, the electron attachment cross section was shown % of the double-minimum stajei.e.,
increase rapidly with increasing vibrational energy, and an H,(X 125)(U:O)+2hv()\=193 nm
enhancement of more than four orders of magnitude was
observed for thes =4 level[2,3]. Subsequent extended cal- —H,*(E,F 125)(v=6). (0]
culations[4,5] showed that the maximum electron attach-
ment rate constant for the higher-vibrational states ap- 25 - X2 other SES
proached a maximum value of10 8 cm®s ™! aroundv 1 +‘¢_
=8. The electron attachment cross section for the metastable %
c 311, state was calculatefB] to be ~10 8 cn?, an en-
hancement of about three orders compared tath® level
of theX '3 .

In 1993 experimental evidence was preseififdo show
that an extremely efficient electron attachment process was
involved in ArF-excimer-laser-irradiated o an absolute
lower limit of 10°® cm®s™* was estimated7] for the elec-
tron attachment rate constant involved. Subsequently, photo-
detachment and ion mobility measurements were conducted
[8] to verify H™ formation by the above process. The high
efficiency with which H ions are populated in ArF-laser- 5L
excited H was illustrated in an independent experiment:
Kielkopf [9] had observed laser emission in aluminum when
Al was irradiated by the ArF laser in the presence of H
Recently it was showfl10Q] that efficient H formation by
electron attachment to ArF-laser-excited Was responsible 0 1 2 3 4 5 10
for the charge neutralization of Althat led to the population INTERNUGLEAR DISTANGE (A)
of the lasing Al state. Lasing in Al was observed within a
few ns following the ArF pulse; therefore, Hformation FIG. 1. Schematic energy level diagram of the holecule
must have been completed well within that time. showing the states of relevance to the discussion in thd 1éxt 2.

A schematic potential energy diagram fog l4 shown in  There are seven singlet SES states that lie in the shaded area be-
Fig. 1. The potential energy curves for the electronic statesween the'S, ™ and the?S,* stateq12].
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The two-photon excitation cross section for the transitioniisions with ground-state Hmolecules seem to be respon-
from the X '3 to the double wellE,F 'S, has been re- sible for the population of state under our experimental
ported[13] to be~10"*" cm* s™*; this value was shown to conditions. The radiative lifetimes of tt& [25] and C [26]

be in reasonable agreement with a calculafitd] after a  states are eack 0.6 ns.

simple correction was madé 3]. Even though the Franck- |y addition to theB-X andC-X transitions, we have ob-
Condon region for thex '3 —E,F '3 transition is re-  gepyed Lymane emission due to H{=2) to H(n=1) tran-
stricted to the inneE well of the double-minimum statsee  sjtions. At low spectral resolution this emission overlaps the

Fig. 1), both wells are populated due to the efficient tunnel-c_x emission, but its characteristic narrow spike at 1215 A
ing especially for the =6 state lying close to the top of the |, < \\nmistakable in our experiments
barrier[15—17. Therefore, further photoexcitation from the |

intermediateE,F states takes place from bathandF wells
over a large range of internuclear distarisee Fig. ], and
has been shown to be quite effici¢tB,1§. Photon absorp-
tion from the E,F level can lead to the following out-

A. Candidate species for H formation
in ArF-laser irradiated H ,

comes: (i) direct ionization, From the above discussion an inference can be made that
the electron attaching species responsible for the observed
H,*(E,F)+hv—H,"+e (H+H"'+e") (2)  [7,8] H™ formation could be due to a variety of species that

have their origins in various products due to laser irradiation.
and (i) population of a series composed of doubly excited the following we will summarize these and discuss their
superexcited state(SES [12] converging to the’S; ex-  possible role in the observed Hormation.
cited ion statdin the hatched region of Fig.).1

1. Possible mechanisms with origins in the,E state

The excitation of theE,F '3 (v=6) state by two-

The radiative lifetime of theE,F 'S (v=6) has been photon absorption from the ground stasee, Eq(1)] leads
measured 18—2( to be ~100 ns. Fluorescence emission to the following possibilities for the electron attaching
from ArF-laser irradiated klhas been analyzed by several species: (i) the E,F vibrational states directly populated by
groups[13,18,19,21,2R In all these experiments, commer- two-photon absorptior(ji) C vibrational stategproduced by
cial ArF lasers with pulse durations full width at half maxi- neutral collisions with theéE,F states, (iii) low-vibrational
mum (FWHM) of ~20 ns were employed, except in the casestates o populated by radiative decay from tBeF states,
of Pummeret al.[21] who used a tunable ps ArF laser. Kli- and (iv) high-vibrational states of the ground-staXepro-
gler and co-worker$18,19 measured the quenching of the duced byE,F—B— X cascades. In Sec. Il, we present ex-
E.F states by collisions with ground-state, Fholecules by  perimental measurements to show that electron attachment to
monitoring the near-infrared emission from thewell to t_he the attaching species continue foer40 ns after the laser
B '3, (v=0andv=1) levels; they reported a collisional pyise is turned off. This rules oufi) and (iii) above as
deactivation rate constant of 2.1X107° cn®s™%, which  attaching species since their lifetimes are sub2%s26. Our
was confirmed by Buclet al. [13] using similar measure- experiments were carried out in the, igressure range of
ments. This deactivation was proposgtB] to be due to 5_50 Torr, where th&,F state lifetime will be in the range
population transfer to the nearly degener@le =2) state, of 3—0.3 ng[13,18,19; thus, (i) above also can be ruled out
see Fig. 1. Since th& and F wells are strongly coupled as the attaching state. On the other hand, the observed life-
[15-17 for vibrational states close to the top of the barriertimes= 40 ns for the attaching state may be too short for the
(in this case thev=6 andv=5,7 levels located, respec- yiprational states of the grourd state. The radiative life-
tively, in the E and F wells), the collisional deactivation time of the vibrational levels are 10° s, but collisional vi-
reduces the lifetime of the populations in both wefleo our  prational relaxation reduces this lifetime; from the shock
knowledge, the emission due Fo—B transitions that lie in  tybe data of Kieffer and Lutf27] we infer a lifetime of
the IR range at-2.5 um has not been reportedJsing the  —96 ;15 for vibrationally excited K at 1100 K and at 50
collisional  deactivation rate constant of ~2.1  Torr. It was also showr[7] that even though the high-
X107° cm’s™", it can be seen that at the,Hpressures of vibrational states can have electron attachment rate constants
5-50 Torr used in the present experiments, the effective lifeyp to 108 cm® s, those values were too small to explain
time of theE,F state ranged from-3 to ~0.3 ns. the observed H densities. Further evidence to rule out all

In addition to the near-IR emission from the direct the above possibilities() through (iv) above, will be pre-
E—B transitions discussed above, vacuum-ultravioletsented in Sec. IlI.

(VUV) emission has been observed from ArF-laser irradiated
H, due to the Lyman banB— X transitions[18,21] and the
Werner bandC— X transitions[18,21,23. The B state may

be populated b¥,F— B radiative transitions and the state The number density of }f ions (and electronswill be
may be populated by collisions of tHe state with ground- second only to th&,F states. The K" ions are expected to
state H moleculeg[18] or with electrong21]. The electron be converted to K" ions rapidly[28,29; the reaction
collisional rate constant is estimatd@®3,24 to be ~7

x10 % cm®s ! and thus is negligible at electron densities

<10'° cm 2 involved in the present experiments; hence, col- H," +Hy—H; +H (4)

Hz*(E,F)hV—>H2**. (3)

2. Possible mechanisms with their origins in the i ion
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has been showh29] to have a peak cross section of8 oms. To our knowledge, no data exist on this process; how-
x 10~ 15 cn? at thermal ion energies. Therefore, the possibil-ever, radiative attachment of an electron to an unexcited H
ity exists that H ions may be produced by electron colli- atom has been showWB6] to be weak with a cross section of

sions with either the k" or the H* ions. ~6x10 %4 cn?.
Peart and Doldef30] measured the cross section for the  All previous and present experimental evidence support
reaction the remaining possibility, i.e., electron attachment to the high
Rydberg(HR) states of H (which presumably lie close to
Hy'+e —H"+H" (5)  the ionization thresholdpopulated by Eq. @) above,

and reported that it decreased fromX4 20 * cn? at 0.4 eV
to 1.16<10 ** cn?” at 4.96 eV electron energy. H(HR)+ e —H +H(n=2), @

The cross section for the production of Hbns by elec-
tron collisions with H* ions (in the zero-vibrational level
was also measured in the electron energy range of 2—-13
by Peart, Forest, and Doldg81] and was reported to have a
maximum of 1.6<10 * cn? at 8 eV.

In both of the above cas¢80,31], the electron energies

used were in the range of electron_ energies in the prese ttachment of a thermal electron to a state of with a
experiments. The above cross sections are too small to exz; .o 0o energy of~14 eV

plain the efficient H observed in our exper.iments, see SeC.  Thase HR states may be populated at curve crossings at
lll. (It must be noted, however, that the Hions produced ,;ciear distances beyond the “stability poinf38,39, i.e.,

via preionization of the SES in our experiments can havyg jntersection of the potential curves for SES with that for

high vibrational energies. The dependence of vibrational ex; 25 + L e
citation of H,* and H;™ on the above processes has not beeXthex g ground state of the 1 ion in the vicinity of 2.4

studied)

&Xheren is the principal quantum number. With a value of

4.48 eV[37] for the dissociation energy of the,hholecule,

and a value of 0.75 eV36] for the electron affinity of H,
roduction d a H (n=2) state is energetically possible by

"R internuclear separatiofsee Fig. 1. Depending on the out-

come of the curve crossings, formation of the HR states or

dissociation into neutral fragments will occur, Eq&d)éand

6(b) above, respectively. The presence of “near-zero-energy
The remaining possibilities originate from the SES, seeelectrons”[40,41] in photoionization of many molecules has

Eq. (3). The SES themselves can be ruled out as possiblgeen attributed to the rotational or vibrational autoionization

attachers due to their extremely short lifetimes, of the ordebr field ionization of such HR stat¢88—41). In the present

of 10 s [32]. The SES may decay by several different case, such HR states that may be populated are likely to

3. Possible mechanisms with origins in the SES

channels: dissociate rapidly since their total energy lies above the dis-
L o sociation thresholdsee Fig. 1, unless the excess energy is
H,"+e” (autoionization (63 removed by radiation or collisions. Radiative relaxation is
o H+H*(n) (dissociation (6b)  probably too slow since it normally occurs in ns times. At
2 H*+H~ (ion-pair formation (60)  our pressures, normal ground-statgHt} collisions occur in
H,*(HR) (high Rydberg formation (6d)  wms times, but in the present case we are dealing with colli-

sions involving highly excited states. Cross sections for

The ion-pair formation in Eq6¢) has been shown to be a n-changing and (angular momentuinchanging collisions
weak proces$33]: Prattet al. [33] have studied the field of atomic Rydberg states with neutrals are known to be char-
dependence of the threshold for ion-pair formation pitda  acteristically largg42]. It may be speculated that the “ex-
two-laser experiment where the first las@vavelength tra” energy(energy above the ionization threshplf a su-
~193 nm populated theE,F(v=6) state. In these experi- perexcited state may be transferred to the vibrational motion
ments, the H signal due to ion-pair formation was much of the colliding ground-state molecules; the high density of
weaker than the 5 signal due to photoionizatiofin con-  final Rydberg states located close to the ionization threshold
trast to the present experiments where thedifjnal can be may lead to extremely large cross section for such a collision
comparable to the positive ion sighiathey did not see the process.
H™ signal with only the 193-nm las¢B4]. It must be noted To our knowledge, the time dependence of Bre X and
that their experiments were conducted under low-pressur€— X transitions in ArF-laser irradiated ;Hhas not been
conditions(pressure~10~2 Torr), and with narrow-band ex- measured up to now. We observe emissions from these two
citation with small laser pulse energies ef100uJ [34].  states for tens of ns after the ArF laser pulse is turned off
Furthermore, in the present experiments, negative ions ar@vith B— X emission prevailing foe>100 ng, even though
produced via an electron attachment process, see Sec. Ill. the radiative lifetimes of th® andC states are-0.6 ns, see

There are two possibilities for Hformation viaH* (n) Sec. lll. We attribute this to the repopulation of tBeand
atoms produced by Eq.(6) above. One is the reaction be- C states by cascades from higher-lying, longer-lived states
tween twoH* (n) atoms producindd~ and H"; an analo- that are indirectly populated by the ArF laser. This corrobo-
gous process involving Ngn) has been showf85] to have rates our contentiof43] that such high Rydberg states are
a rate constant of-10"7 cm®s 1. However, this process responsible for the observed electron attachment. Further-
does not involve the formation of negative ions at the ex-more, we observe Lymaa-emission due to H{=2) to
pense of electrongsee Sec. I)l and hence can be ruled out. H (n=1) transitions that also continue for up to 100 ns in
The second possibility is electron attachment to(h) at-  spite of the fact that the Hn(=2) level has a mean radiative
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(@) v, Vo 1v] ing a preamplifier with input impedance ef10'* Q) in the

; ! detection circuit; the contributions from the electrons and

d negative ions could be distinguished due to the orders of

N LASER magnitude difference in their drift velocities giving rise to

L
ds™ PULSE ; . :
Vz_l_qﬁz—m fast and slow components in the signal wave forms. This
X . mode of operation is called the “charge detection mode,”
i “\; and can be used to determine the number densities of nega-

tive ions and electrons that resulted from interactions oc-

VOLTAGE PREAMPLIFIER curred in the interaction region as a function of the laser
intensity.
v, In the second techniqud5], the loss of electrons in the
(b) |_‘|_-—L— laser-irradiated region due to attachment was monitored in
c 5 real time by detecting the electron current in the interaction
"(L LASER region gap. A negative voltage was applied to one electrode
;,, PULSE and the electron current in the gap was monitored by con-
dg ¢ ————— 0 necting the other electrode to a fast digitizer with®0nput
L impedance, see Fig(l®; [in this case only the top two elec-
— trodes in Fig. 2a) were used and the bottom electrode was
"’ grounded. The time constant of this detection circuit was
CURRENT PREAMPLIFIER ~10 % s and thus the monitored signal was directly propor-

FIG. 2. Schematic di  the | lectrod tional to the current carried by the electroriBue to the
- 2. Schematic diagram of the laser-electrode arrangement o1 rift velocities associated with the positive and nega-

for (a) the charge detection mode ‘.”lmu). the current detection tive ions, their contribution to the monitored current was
mode. In(a), the electrons and negative ions were extracted to the

detection region located between the lower two electrodes and volpeg“g'ble) 'I_'he !OSS of electrons due to attachment appeared

ages induced by them in that region were monitored(biy the ~ 25 @ reduction in current, and therefore electron attachment

current due to the electrons in the interaction region was monitoreavas“monItored In re_al time. Tt"S _mode _Of operation is called

in real time (currents due to positive and negative ions are negli-the current detectlor_l mode. _Smce signal yoltages_ (_)f _the

gible). order of 1 mV were involved, it was essential to minimize
the background nois@specially due to the excimer lasén

lifetime of 2 ns[44]. This is also consistent with the produc- very low values.
tion of H(n=2) states via electron attachment to long-lived The closest edge of the laser beam of “widthd
HR states. (=0.1 cm) was kept at a distandg (=~0.1 cm) away from
Finally, the relevant rate equations were solved numerithe bottom electrode and parallel to[gee Fig. 20)]. A
cally to fit the experimental electron attachment data; thigegative voltage was applied to the top electrode so that the
yielded a lower bound for the rate constant for electron athegatively charged particles drifted to the bottom electrode.
tachment to the HR states 0f5x10°° cn®s . These The current due to the electrons was monitored at the bottom
findings are discussed and their implications fof forma-  electrode(that due to negative and positive ions was negli-
tion in H, discharge sources are pointed out in Sec. Ill.  9ible). Photoemission at the top electrode due to scattered
laser light contributed a small background to the overall sig-
nal; this constant background extended to longer times com-
pared to the signal due to the photoionization electrons, and
In the present studies in addition to the technique used iwas subtractedBy the time the photoelectrons reached the
the previous study7], we employed another techniq(#5] laser-irradiated region, the excited molecules with lifetimes
to measure electron attachment to ArF-laser irradiateditd <100 ns had already decayed; therefore, those electrons did
order to obtain additional information on the states that ar¢not contribute to the negative-ion formatipn.
directly or indirectly populated by laser irradiation, fluores- A Lambda Physik Lextra-50 excimer laser was used in
cence measurements on laser irradiatedwere conducted the electron attachment experiments. The telescoped cross
at the University of Louisville. section of the laser beam was0.1 cnf and the “length” of
We employed two experimental technigues to study electhe interaction region was-10 cm, i.e., the detected nega-
tron attachment to laser-excited,.Hn both of these, blat tive ions were produced over a “volume” ef 1 cn?. While
pressures of 5-50 Torr was irradiated by a pulsed ArF lasethe electrons produced at the “top” of the laser pulse tra-
and the resulting electrons and/or ions were monitored indiversed the maximum distance of 0.1 crq,) across the
rectly; of the electrons produced by laser photoionization ofaser-irradiated region, those produced at the “bottom” of
H,, some were attached to excited states gfpkbduced by the laser pulse left the laser-irradiated region immediately,
the same laser pulse to yield negative ions. see Fig. Pb). Therefore, the maximum time an electron spent
In the first techniqug46], electrons and negative ions in the laser-irradiated region wak /w,, wherew, is the
produced by a laser pulse in the interaction region were exdrift velocity of the electrons. It is important to note that
tracted to a separate detection region through a grid in theignificant electron attachment did not occur outside the
middle electrode by applying electric fields in the two re-laser-irradiated volume since electron attachment to the
gions, see Fig. @): the voltage induced by the electrons lowest-vibrational state fpopulated at room temperature is
and negative ions in the detection gap was measured by usxtremely weak{1]. Therefore, virtually all negative ions

Il. EXPERIMENT
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detected were produced in the laser-irradiated volume.

The fluorescence data were taken with a Questek mode
2420 ArF laser. A 15 cm focal length fused silica lens was
used to focus the laser pulse to a focal point about 2 cm off
of the spectrometer axis, which was perpendicular to the di-
rection of ArF propagation. The average cross-sectional are:
through the region of observation was 8.60 2 cn?, with
175 mJ delivered over a 30 ns pulse. There was no visible
breakdown, even at the focal point, under these conditions. 2
MgF, window was used to transmit the fluorescence light to
an Acton VM 502 vacuum spectrometer, and the spectra
were detected with an EMI type G solar blind photomulti-
plier. Data were recorded with a Stanford Research Instru-
ments model SR 430 multichannel scaler. The scaler and th
spectrometer were automatically controlled by a PC running 10
Linux to acquire a complete temporal profile for one spectral 10 100 10 100
channel on each laser shot. Typically, a sum of 100 shots LASER INTENSITY (10% photons cm™ s™)
was recorded as a two-dimensional array with time incre- _ _
ments of 5 ns and spectral increments of 5 A. After acquisi- F!C- 3. Laser intensity dependence of the measured total

tion, the database could be reviewed as an image using ing/ectrons-negative ions(@®) and negative iorill) signals for(a) 5

. . - . . Torr of H, pressure an¢b) 50 Torr of H, pressure. Both sets were
teractive SAO image display software to give simultaneously 2 ) e - X
the spectrum at every time delay after the laser shot, and tht%ken for an applied electric field of 50 V ¢rh The fitted curves

time dependence of every spectral element shown by the solid lines were obtained by a least-squardsdi

) Sec. Il A) to the experimental data. The calculated curves shown
by the dashed lines were obtained by numerically solving the rel-
Ill. RESULTS AND DISCUSSION evant rate equationsee Sec. Il ¢

(o) H,

1000

PH2=50 Torr

slope =26

VOLTAGE SIGNAL (mV)
2
<3

A. Electron attachment measurements . A . .
The total signal shown in Fig. 3 contains a small contri-

As described in Sec. Il, measurements in the “charge depution from photoelectron emission at the cathode by scat-
tection mode” allow the number densities of the negativetered laser light, i.e.,
ions and unattached electrons to be estimated. In this mode,
the “fast component” of the signal voltagég was propor- V1= (V1)pet (V1)p1, ®)
tional to the number density of th@inattachel electrons
that arrived in the detection region; the “slow component
of the signal voltage/, was due to the negative ions. The i N o .
sum of these two componenté; was proportional to the of H,. Since the photoem|SS|qn con_tr|but|on_ should be I|n-_
number density of the electrons initially produced by photo-€ry dependent on the laser intensity, we fitted the experi-
ionization; some of these initial electrons were converted tgnental data foVr by the equation
negative ions by electron attachment to excited states pro- Ve=al+bl" 9)
duced by the same laser pulg®y reversing the applied T '

electric fields, positive ions could be extracted to the detecpe experimental data for, was fitted by the equation
tion region and then only a slow component that was equal in

» where (V1)pg is the contribution from photoemission at the
cathode, and\{t)p, is the contribution from photoionization

magnitude toV; was observed.For the data presented in V,=clM, (10)
this paper, the density of charged species corresponding to a
signal level of 100 mV was-10® cm 3. Therefore, then andm values obtained from the above least-

The laser intensity dependence of the measiMedind  squares fittings yielded the laser intensity dependences for
V, are shown in Figs. @ and 3b) for 5 and 50 Torr of laser photoionization and for negative-ion formation. For the
H, at an applied field of 50 V cm'. At low-laser intensities data in Fig. 3a), we obtainedn=2.3 andm=4.8; for the
(), Vr=Vg, but with increasing the negative-ion signal data of Fig. 8b), we obtainech=2.6 andm=4.5. Only the
grew rapidly at the expense of the electron signal, see Fig. 3'straight” sections of theV; andV, curves were used for
at highl, the signal consisted almost entirely of negativefitting, i.e., data forl<1x10?® cm 2s! for 5-Torr data,
ions. For the 5-Torr data in Fig(8, at high laser intensities and those fot <8x 1074 cm 2 s~ for 50-Torr data. The fit-
the negative-ion signal growth became slower due to théed curves are shown by solid lines. It must be noted that the
unavailability of electrons for attachment, since the negativedata published in our first repdrf] did not make allowance
ion signal increased faster than electron production by photdor photoemission, and also the data were not fitted to obtain
ionization; thus, the negative-ion signal followed the totalthe laser intensity dependences, i.e., the analysis was too
signal at these high laser intensities. For 50-Torr data, fosimplified.
which theE/N value (E is the applied electric field and is Since photoionization of kat the wavelength of the ArF
the number density of Hmolecule$ was lower, the charge laser (wavelength193 nm) requires three photofsee Fig.
transmission to the detection region became less than unity 4}, one would expecV to increase as$®. The somewhat
high-charge densitiggl6], and both theV/; andV, deviated smaller power dependence we obtained from the experimen-
from the initial dependences. tal data was due to the efficient photon absorption from the
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E,F state. Using a rate equation analysis, it can be shown T T T . T
[18] that the power dependence changes from 3 to 2 if the 20 |
decay rate of thé&e,F state due to all other processg=., 15
radiative decay, collisional decay, étdés too small com-
pared to the up-pumping rate from thigF state. In the
present case, those two rates are somewhat comparable; the 5
numerical analysis discussed in Sec. Il C reproduced the 0
measured power dependengdse dashed curves in Fig).3 ' ' ! ' '

(a)

= 4x10* ecm™®s™ —

k=5x10° cm® s -

am,

| (Regionl) | (Region'll)

3l

The observed power dependence for negative-ion forma- ~ 80| ) -
tion was about twice that for photoionization. Since each 3 o
negative ion requires an attaching electron and an excited L o I=7x107em™s™
molecule, this indicates that the excited molecule also origi- W 40 k,=6x10° cm®s™
nates at the three-photon level, i.e., above the ionization o
threshold. This is consistent with our contentipt8] that 3 2r 1
electron attaching species are the HR states that are indi- % 0 | . Ny
rectly populated by the SES lying at the three-photon level. & 250 . . : : :

Signal wave forms obtained using the “current detection 5 (©
mode” [45] for 50 Torr of H, irradiated by an ArF excimer w 200 = 10%em?s’ |
laser are shown in Fig. 4. As described in Sec. II, the current Y 150 |- \ :

induced by the motion of the electrons in the interaction 100 L \ ky= 6x10° om’ s
region gap was recorded in real time using this technique.
Figure 4a) shows a signal wave form at a low-laser inten-
sity, where no significant electron attachment occurred dur-
ing the drift through the laser-irradiated region; the electron 0.05 . T . . T
current reached the maximum value over the duration of the
laser pulsédlaser temporal profile is shown in Fig(d], and
then remained almost constaregion | in Fig. 4a)] until the
electrons from the closest edge of the laser pulse reached the
middle electrode in the three-electrode system used in the
apparatusin this case only the top two electrodes were used
and the bottom electrode was grounded; only the top two
electrodes are shown in Fig(l#]. The linear decay of the
current after~125 ns[in region Il of Fig. 4a)] was due to TIME (ns)
the gradual loss of electrons to the middle electrode. Figure
4(c) shows a signal wave form that resulted when significant FIG. 4. Signal wave forms in the “current detection mode” for
attachment of electrons to the excited holecules as the the laser intensities indicated in the figure for 50 Torr gfat an
electrons drifted through the laser-irradiated region; the deapplied electric field of 50 V cm'. In (a), the electron current re-
crease occurred for 40 ns after the termination of the laser Mained almost constant in regiofalso see Fig. @)] since the loss
pulse and then the current remained constant during the re_%i electron§ due to attachment was small. As the laser intensity was
of the drift until the electrons reached the middle electrodeincreased in(b) and (c), more and more electrons were lost via
The time over which the electron current decreased durin ttachment to excited states. The linear loss of electrons in region I
their drift is a lower limit to the lifetime of the electron (a)—_(c) was due to the loss of electrons to_the lower elec_;trode
attaching specid#l5]. Therefore, we can conclude that under[See. Fig. 2)]. The ?'mmated wave forms, obtained by numerically
the experimental conditions of Fig(l¥), the lifetime of the solving the appropriate rate equatldsee. sec. il G, are Srﬂown by
) . dashed linesd) The laser temporal profil€This is also a “current

_electr(_)n attaching Species must Bel0 ns. When the laser detection mode” wave form, but with a vacuum in the experimental
Inte_nSIty was _further Ipcreased, elect!’on Cur_rer_lt decreas amber; the electrons were produced at the cathode by scattered
rapidly, see Fig. &); this occurred basically within the du- |5qer light)
ration of the laser pulsgsee Fig. 4d)] due to the rapid at-
tachment of electrons to a high-number density of exciteds 1y ., x 12; transitions were observewithin the dura-
states populated at thls high laser intensity, i.e., the lifetimegon of the laser pulsethe intensity forC— X emission was
pf the attaching species were reduced by electron attachments times stronger than that for th&—X emission after
itself. correcting for system response. This is consistent with the
proposition of Kligler, Boker, and Rhod¢48] that the col-
lisional quenching of theE,F state occurs by population

The above measurements and the discussion in Sec. | itransfer to theC(v =2) state. The spectrum is also consistent
dicate that the electron attaching species are likely to be HRvith this model. There is strong emission at 1180, 1220, and
states that are populated indirectly by laser-populated SE$260 A as would be expected. The observed intensity ratios
states. This was confirmed by the fluorescence measuremertge also consistent with significant emission only originating
presented below. in C I,(v=2) when allowance is made for the diminished

Molecular emissions at 1600 and 1200 A in the Lymantransmission of the MgFwindow at the short wavelength
and Werner bands, resulting froB '=;—X 'S, and limit. Since emission fron€ *I1,(v=0,1) also occurs in the

i 0.02 - t, ~ 25 ns (FWHM) -

LASER INTENSITY
(arb. units)

0 100 200 300 400 500

B. Fluorescence measurements
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40 ' : of the states involvedi.e., theE,F state and thé8 andC
statg can hold their populations for more than 3 (this
upper limit is set by thée,F state whose lifetime is reduced
_ to 3 ns at 5-Torr pressure and 0.3 ns at 50-Torr pressure; the
Lyman « and C-X B and C states have sub-ns radiative lifetimes, see Sec. |
The late emissions from thB (and to a lesser exter@)
states thus indicate that they are populated from a higher-
lying, long-lived reservoir, most likely they are populated by
cascades from high Rydberg states that are known to have
comparatively long lifetimes sometimes upg s rangg 42].
A similar argument holds for Lyman- emission. The
H(n=2) state has a radiative lifetime of 2 ns. Hence in order
80 . . for the emission to persist for 100 ns,.therHu(Z) state must
Emission from ¢ = 35 to 595 ns be generated contmuously over.that time. Wg believe that the
(b) n=2 state of atomic hydrogen is produced in the H forma-
60 L ) tion process of electron attachment to HR states of molecular
hydrogen, see Ed7).
Lyman a Furthermore, even within the laser pulse duration, the
40| 1 emission wavelengths profile for tiBe X emission does not
match the spectral profile that can be calculd#®d assum-
ing that the emitting vibrational states of th& state are
populated by cascades from theF Egs.(6,7) states directly
populated by the laser. We modeled this by using the theo-
' SN retical E,F—B transition probabilitie§48] to compute the
1150 1200 1250 1300 branching ratios to the different vibrational states of
o B IS, . The spectrum was then modeled withsPEG a
WAVELENGTH (A) H, molecular emission spectral co@47]. For this purpose
FIG. 5. Observed fluorescence spectrum in the 1100-1300 AV€ as;umed a thermal rotational distribution, and a spectral
region with light monitored fota) 035 ns, i.e., within the duration Pandwidth equal to that of the spectrometer. These compari-
of the laser pulse, angb) from 35-195 ns, i.e., after the laser was SONS are shown in Fig (8. The expected spectrum for tran-
turned off. The light was collected in 5-ns time bins. Whitex ~ Sitions originating from the initially pumpeé&,F(v=6,7)
emission dominates the spectrum within the duration of the lasel€Vels was obtained by adding the transition probabilities
pulse, it is weak after the laser was turned off. The narrow spike afrom the E,F(v=6) [i.e., vg=2 state in theE well] and
121.5 nm in(b) is due to Lymane, which is “hidden” in the E,F(v=7) [i.e.,vg=4 state in thé= well] levels. While the
C-X emission at 121.7 nm ifg). E,F Egs. (6,7 cascade fluorescence is expected to spread
over the entire wavelength region in the figure, the observed
same regions at our spectral resolution, we cannot determingyectrum is restricted to the longer wavelengths.
exactly the fraction that might also arise from these states, On the other hand, the spectrum that is calculated assum-
but it is small compared to that from=2. A complete ing that the emitting vibrational states are populated by cas-
analysis was possible fd@— X emission, and the lifetime cades from higher-lyingHR) states agrees well with the
measurements were obtained for bd#h-X and C—X  observed profile, see Fig(l§. For this calculation we as-
emissions.After the termination of the laser puls®-X sumed that the HR states hauesymmetry, since they are
emission persisted for long times up to 100 ns; even thougkhree-photon excitations from thé 'S ground state(f
the C-X emission could also be seen it was much weakegollisions play a role in stabilizing the HR states, there may
than theB-X emission at these long times. be a population ofj-symmetry states as wellin order for
We also observed Lyman-emission at 1215 A due t0  the molecules to radiate from tige'S state, there must be

n=2ton=1 transitions in atomic hydrogen. To our knowl- gn jntermediate state in the cascade. We assume a process
edge, this has not been reported previously for two-photogch as

excitation toE,F ' state. This narrow emission line is
located in theC-X emission region, but its temporal signa- Hao(HR)—H,(E,F)—Hy(B), (11
ture is quite different from th€-X molecular emission. The
observed spectra in this region at different time scales ar@here the first step is by electric dipole radiation, and the
shown in Fig. 5. It is quite clear that after the laser is turnedsecond by collision. Since the HR states are formed at an
off (>35ns), the emission is predominantly due to theinternuclear separatiorR~2.4 A [12] (via the SE$ the
Lyman-« line. TheC-X emission after the laser was turned favored Franck-Condon factors will lead to large populations
off was much weaker. Thus, th@ state was mainly popu- in the lowest states of thE well. We estimated branching
lated during the laser pulse by neutral collisions with thefor collisional transfer fronF (v=0,1) by weighing with the
laser-populatedE,F (v=06) state. Franck-Condon factors for the overlap wigh's, | of vari-

If the emissions are from thB and C states that were ousv [49]. While this is only a first approximation to what is
populated by the directly populatel,F states, then the clearly a complex process, the agreement with the observed
emissions should basically follow the laser profile since nond-X emission in Fig. &) is striking.

(@) Emission from < 35 ns

30}

20

PH2 =5Torr
10 |

NUMBER OF PHOTONS DETECTED
o

20 | P, =5 Torr .
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FIG. 6. Comparison of the measurBelX fluorescence spectrum \ NN
(full lines) with the calculated spectfdotted lineg for (a) cascades 0.0 0 = 5 4 6 8 10 12
from the initially laser populate&,F (6,7) levels and(b) cascades
from high-lying (HR) states that predominantly go through the low- VIBRATIONAL LEVEL, v

est two vibrational levels in thE well [or E,F (1,2) levels|.

FIG. 7. (a) B-state vibrational distribution needed to match the
observed spectrum in Fig. 6. The emission wavelength range was
not sufficient to accurately determine the populations of the

The B-state vibrational distribution that fits the observed =0-2 and 9-11 levels, and the maximum possible populations at
spectrum is shown in Fig.(#). The B-state vibrational dis- these are indicatedb) B-state vibrational state populations calcu-
tribution expected for collisional and radiative cascades frorﬂa_t‘?d for collisional and radiative transitions a_rising only from the
the laser-populateB andF levels is shown in Fig. (b), and mltlally p.opulatedE,F (6,7) levels.(c) B-state vibrational popula-
that for the HR fitting in Fig. &) is shown in Fig. Tc). It is tions estimated for cascades from the HR states.
clear that the cascades from the laser-popul&gds (6,7)
levels are not responsible for the observed emission; the vi-
brational populations roughly estimated to be due to HR cas-
cades are in fairly good agreement. The above pressure dependences of the temporal profiles

The measured spectrum shown in Figs) &nd Gb) were  of the molecular and atomic emissions are consistent with
integrated only for the duration of the laser pulse. Thus everthe proposed electron attachment mechanism: The observed
within the duration of the laser pulse, tBeX emission does temporal profiles indicate the effective lifetimes of the HR
not originate from the laser-populatédF (6,7) levels, and states. For a given laser intensity, the number demigy of
cascades from HR states predominate. This is consistent withe HR states is smaller at a low pressure. This lengthens the
our contention that up-pumping from tiigF levels is quite  effective electron attachment tinie 1/(Nygk,), wherek, is
efficient, and is predominated by the transitions originatingthe electron attachment rate constaigince theB state is
from the F well that lead to population of the HR states via populated by cascades from the HR statesBih¢ emission
SES. continues to~ 100 ns after the ArF pulse, see FidgaB Fur-

The fluorescence signal versus time measurements for ttbermore, attachment of electrons to the HR stéseg Eq.
B— X and Lymane emissions are shown in Fig. 8 for 5 and (7)] produces H(=2) atoms that gives rise to Lyman-

50 Torr of H, and at a fixed laser intensity. At 5 Torr of emission over the effective lifetime of the HR states of
H, pressure, both emissions extend to times well after the-100 ns, see Fig.(8). (The estimated lifetime for the HR
termination of the laser pulse and have decay times oftates from the electron attachment measurements in the
~100 ns. When the Hpressure was increased to 50 Torr at“current detection mode” is=40 ns, see Sec. lll A; this
the same laser intensity, the decay times for both emissiordiscrepancy could be due to the different experimental con-
reduced to 10 ns after the termination of the laser pulse. ditions under which the spectroscopic and electron attach-
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whereNg is the number density of the ground-statg rHol-
0 . / ol . g . . . .
e T s e e e 0o ecules|| is the laser intensityNg ¢ is the number density of

the E,F state;Nges, Nyr, Ne, andN; are, respectively, the
number densities of the SES, HR states, electrons, and nega-
FIG. 8. () and (b) Time dependence of the-X emission at 5  tive ions; o?) is the two-photon absorption cross section for
and 50 Torr, respectively(c) and (d) time dependence of the the ground stateg; is the total ionization cross section for
Lyman-« emission at 5 and 50 Torr, respectively. The laser inten-the E,F state,o is the photoexcitation cross section for the
sity was kept the same for all four sets of data. E,F state,7= and - are the radiative and collisional life-
times of thekE,F state respectively:sesis the lifetime of the
SES; 7 is the quantum yield for HR formation from the SES,
which was assumed to be 1 in the calculatieni is the
ment measurements were carried out at two different localifetime of the HR statesk, is the electron attachment rate

tions) When the pressure is increased to 50 Ti®eping  constants for the HR states, andis the maximum time an
the laser intensity the sajehe effective lifetimes of the HR  gjectron spends inside the laser irradiated region, see Sec. I,
states is reduced by electron attachment itseff i@ ns, and The above rate equations were solved numericélgo

correspondingly, th8-X and Lymane emission times are  gee[45)) to obtain the time development of the various spe-

also decreased te 10 ns[Figs. 8b) and &d)]. - cies (excited states, electrons, and negative Jofifie fol-
Yet another clue was obtained by estimating the numbefowing values were used for the various parameters(e'z)

of Lyman-« photons emitted corresponding to the above data_ 1.2¢10 4 enfst [13] 7£=100ns [18-20; 7&

at 5 and 50 Torr. Allowance has to be made for the ineffi- LT PR

cient collection of photons by the small aperture of the spec-= 15/(PH2) ns, WherePH2 is the pressure of H[18,19;

trometer slit, but the geometry, grating efficiency, and pho-Tses= 10~ ** s[32]; 74r=40 ns;t, =40, 100, and 200 ns for

tomultiplier response are well characterized. It is apparenthe data at 5, 25, and 50 Torr for all of which the applied

that the number of Lyman-photons produced per laser shot electric field was kept at 50 Vcn, (the values forr,g and

is of the same order of magnitude as the number ofiths  t, were deduced from the “current detection mode” wave

formed for corresponding experimental parameters. This corforms such as those in Fig).4

relation is also consistent with our proposed electron attach- Time evolutions ofNg ¢, Nsgs, Nyr, Ne andN; calcu-

ment process Ed7), that is, one Lymane photon is emitted  |ated from numerically solving the above rate equations for a
for each H' ion formed. fixed laser intensity are shown in Fig. 9. The valuesNgf
=N.+N; andN, att— 200 ns are proportional to the experi-
mentally measured; andV, . Using a proportionality con-
stant of 10°° (i.e., the measured signal in mV correspond to
The excitation of HR states of +by ArF laser proceeds the calculated number density times £, the V; and V,
by Egs.(1), (3), and(6d); the proposed electron attachment values were calculated for a given laser intensity. The values
process is given in Eq.7). The relevant rate equations for for o, and o; were adjusted so that our “charge detection
the population of the HR states, electron production bymode” data(such as those in Fig,)&ould be reproduced for
photoionization, and negative-ion formation by attachmenthe data sets at Horessures of 5, 25, and 50 Torr; the cal-
of those electrons to the HR states can be written as culated curves fol; andV, are shown in dashed lines in
Fig. 3 for the 5- and 50-Torr data sets. The best fits were
obtained foro,=4x10 " cn? and o;=1.8x10 ?° cn?.
The k, values were slightly adjusted to obtain best fits for
V, curves at different K pressures; for the 5-, 25-, and 50-

TIME (ns)

C. Electron attachment model

dNe ¢ 11
=NooP12=Ng (et o)l —Ngg| £+ ¢
dt . T

12
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Tc

p
H, (a) H*(HR)+e~ —H, ™ —H +H(n=2), (17

. where H™** is a transient negative ion initially produced by
i the capture of the electron by the excited molecule with a
cross sectiong; this transient state stabilizes by dissociat-
ing into the ionic and neutral fragments with a probability
I I , . p. The initial capture cross sectionr() is generally large for
- (b) excited states due to their high polarizabilities. The polariz-
B 7 ability of a Rydberg state increases m§ wheren is the
SES principal qguantum number. Even though polarizabilities of
. molecular Rydberg states have not been reported to our
i x10 ] knowledge, enormous polarizabilities of10° A® were re-
ported for Rydberg states of J&1]. Now, the transient
! ! ! I negative-ion state is likely to rapidly dissociate with a high
' ' ' ' probability (p) due to its large internal energy content. Thus
7 the actual electron attachment cross sectiop, given by

QO =2 N Wh OO
T
1

0.005

0.004
0.003

0.002
Oa=0cP (18

NUMBER DENSITY (cm™)

0.001

0.000
! . ! } could be very large. We have observed similarly large cross

. . T T sections for electron attachment to several other molecules
i excited to energies above their ionization thresholds by both
¢ NEGATIVEIONS | resonant[46,52 and nonresonan53,54 laser excitation
processes; in the latter casfor silane [53] and methane
ELECTRONS | [54]) in particular, electron attachment to HR states indi-
Lyman o rectly populated by SES are quite likely to be the electron
) attachers since no bound excited states were directly popu-
. , . . lated by the laser. In both these molecules, the first electroni-
0 50 100 150 200 . . .
cally excited singlet state lies above the photon energy of the
TIME (ns) laser and the molecule is ionized by absorption of two pho-
tons. Further studies on these two molecules are in progress.
FIG. 9. Calculated time evolution of the number densitieéapf A cross section of the order of 18° cn? is of the same
the E,F state,(b) SES, (c) HR states, andd) electrons, Lymanr  4rqer of magnitude as the geometric cross section of a
%gottgr"fi“ a;g)niﬁ?g’jﬂ'ﬂ;g‘gﬂeﬁ&e;m:Etefﬂé’?girgentqeﬁi Cl(?r:jegponfq'ZS Rydberg state, which should have radiative lifetimes of
g. ab). then PIEADY the order of microseconds; this is long compared to our mea-
the factors given inside the plots. Note that the number of Lyaman- - .
photons emitted is given by the area under the curve. sured Ilfet|_mes of the_ order (_)f 100 ns. However, while some
cross sections associated with Rydberg states are of the order
of geometric cross sections, there are other cross sections
Torr data sets, the “best values” fdr, were 4.5<107°, 6  that are larger than the geometric cross sections; for example,
X10°° and 8.8<10°°cm’s Y. Thus the estimateck, |-changing cross sections can vary @ [55]. Thus, the
value is~6x10"° cm®s ™1, which roughly translates into a states responsible for an electron attachment rate constant of
cross section of the order of 16 cn? It must be noted that the order of 101° cn? do not necessarily have to be Ryd-
this is a lower bound for the actual value since it was asberg states oh~25. In particular, for electron collisions
sumed that the SES are converted to HR states with univith Rydberg states, the initial capture cross section may
efficiency[i.e., » in Eq. (14) was assumed to be].1 vary asn’ due to the role played by the polarizability, see
In the above calculations, the 40-ns lifetime for HR statesabove. Another factor to be considered is the effect of the
estimated from the “current mode wave forms” was used; ifambient pressure on the lifetimes of the Rydberg states. Thus
we used the 100-ns lifetime estimated from the spectroscopiwith the present experiments it is not possible to estimate the
measurements, then electron attachment rate constant valueyalues of the Rydberg states responsible for the observed
of about a factor of 2 lower were needed, but the shape of thelectron attachment. Experiments are being planned to con-
simulated “current mode” wave forms did not match well duct electron attachment measurements on well-defined Ry-
with the experimental ones. dberg states directly populated under single collision condi-
High Rydberg states of atoms and molecules are known ttions.
have extremely large cross sections for interaction with In the present experiment, high-vibratiofbdV) states of
charged particles and cross sections of this magnitude are nifte ground-electronic state are populated by B and
uncommon(for example, see pp. 240 and 330[d2] and C-X transitions; to estimate an absolute lower limit for at-
[50]). In the present case, the electron attachment process t#chment to these HV states needed to produce the experi-
Eq. (7) occurs by a two-step process mentally observed negative-ion number densities, we nu-
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merically solved the appropriate rate equations optimized for Therefore, to our knowledge, no prior experiment had di-
that process, i.e., we set the parameters so that all the malectly measured the photoionization signal. Calculations of
ecules pumped to thg,F state will end up in the high- Cohn[56] and Rudolphet al.[57] yield direct photoioniza-
states {>8) of X 12; state (which are supposed to have tion cross section of the order of 18 cn? for excitations
the highest rate constant for electron attachmertept for  from the E well of the B state This value is two orders of
the loss of E,F state by ionization, i.e.,o;=1.8 magnitude larger than the value we estimate for effective
X 1072° cn?, and o,=0. We obtained a required rate con- photoionization cross section from theF state. It must be
stant of~107° cm®s ! as was estimated by a back-of-the- emphasized that under our experimental conditions, popula-
envelope type calculation made previously Ed); as we tion of the E well is depleted rapidly via excitation transfer
emphasized above this would be an absolute lower limit fotto C state and also to the well; upward transitions from the
the required rate constant. Yet, the maximum electron attact= well mostly result in the excitation of the SES rather than
ment rate constant associated with the HV states is predictetirect ionization.

to be 108 cm® s7[4,5], more than two orders of magnitude  In order to verify our estimated cross sections, we mea-
smaller than the required rate constant. Thus the contributiogured the total signal in the “charge detection modsee

to the observed H signal from the HV states in our experi- Secs. Il and Il] at a H, pressure of 0.5 Torr, the experimen-

ments should be less than 1%. tal curve for photoionization versus laser intensity was ob-
tained by correcting for photoemission at the cathode due to
D. Upward transitions from the E,F state scattered laser light, see Sec. lll. This experimental curve

was reproduced to an accuracy comparable to those in Fig. 3
. 20 o2 o 6y the numerical code with the same parameters used for 5
tion, oy, of ~1.8X10 “"cnt” and an excitation Cross sec- 5nq 50 Torr data of Fig. 3. Thus the estimates of the ioniza-

. _17 .

tion, ¢, of ~4x10"*" cn¥ for the upward transitions from 5 cross section and the absorption cross section were con-
the E,F state; the excitations are associated with populationgjsient with our data for KHpressures over two orders of

of the SES, see Fig. 1. None of the previous eXperimentﬁwagnitude.

[13,18 that estimated the ionization cross section of the
E,F state had monitored the photoionization signal directly;

In Sec. Il C above, we estimated an ionization cross se

. . . IV. SUMMARY

in both those experimentgl3,18 only the near-infrared

emission due to th&,F 'S —B 'S transition was moni- Comprehensive electron attachment and spectroscopic
tored. measurements were carried out on ArF-laser irradiated H

(i) Kligler, Bokor, and Rhodeg§18] had observed the These measurements are consistent with an efficient electron
near-infrarece,F 129*—>B 13" emission from ArF-laser ir- attachment process involving highly excited RydbériR)
radiated H: By conducting a rate equation analysis for the states of H indirectly populated via laser irradiation. The
dependence of IR intensity on,Hbressure, they estimated electron attachment measurements indicated a lifetime of
[18] the photoabsorption cross section of thé" state to be =40 ns for the electron attaching species. Under our experi-
between & 1019 and 4x 10 18 cn?. This estimated cross Mmental conditions all low-lying electronically excited states
section was reportefl8] as the ionization cross section for that may be produced directly or indirectly via laser irradia-
the E,F state; in other words, they associated all upwardtion have lifetimes at least an order of magnitude smaller; the
transitions originating from thé,F state with molecular HV states of the ground electronic state that may be popu-
ionization. lated indirectly would have too long lifetimes.

(i) Buck et al.[13] measured the excited-state absorption ~ The Lymane emission observed was shown to be consis-
cross section by conducting pump-probe experiments, wher@nt with H(n=2) state produced via electron attachment to
the E,F 125_43 '3} near-IR emission due to the pump HR states with energies 14 eV. The “late emission” in the
laser was quenched by upward transitions fromE“é state B-X emission region that perSiStS up to 100 ns after the laser

due to the probe laser. A value of6.4x10 8cn? was Pulse was shown to be consistent with the populatioi of
estimated for the absorption cross sectienof + o). vibrational states via cascades from HR states. However,

Buck et al. [13] also calculated the absorption cross secfundamental questions remain to be answered as to how the
tion for the E,F state at the ArF line, which included direct initially excited SES can be converted to HR states prior to
photoionization and excitation of only one of the SES thatthe destruction of the SES by preionization and/or predisso-
are accessible from the well. Based on the work of Cohn cfation.
[56], the cross section for direct photoionization from the
state was estimated by Bucktal. [13] to be ~3
X108 cn? (a more recent calculation by Rudolgt al.

[57] was shown to yield about 25% smaller valuig]); the The work of L.A.P. and P.G.D. was supported by the

cross section for excitation of thes (2pa,2soy) doubly  National Science Foundation under Contracts Nos. CHE-
excited state was calculated to b8x 10718 cn?[13], thus 9313949 and ECS-9626217 with the University of Tennes-
giving an estimated total absorption cross section~dfl  see, Knoxville, and by the LDRD Program of the Oak Ridge

x 10718 cn? [13]. However, it appears that transitions to the National Laboratory, managed by Lockheed Martin Energy
other doubly excited SE%ee Fig. 1 were not taken into Research Corp. for the U.S. Department of Energy under
account, which would have made the estimation of the totaContract No. DE-AC05-960R22464. The work by J.F.K.

absorption cross section even higher; we estimate a total alvas supported by the Division of Chemical Sciences, Office
sorption cross section of 4x 10 17 cn?, see Sec. Il C. of Basic Energy Sciences, U.S. Department of Energy.
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