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RESEARCH OBJECTIVES

A major effort has been under way for some years to develop high-intensity, high-energy
neutral beams of H atoms, which are made by the neutralization of negative ion beams. H- ion
beam sources are well known, but the ion production mechanism is poorly understood.

The goal of this research has been to develop nonintrusive methods for detecting high-lying

vibrational levels (v > 4) of H2 that are considered essential to the efficient operation of H- in
"volume production" ion sources. These ion sources are in turn essential to the development of
high-intensity, high-brightness beams of neutral H atoms at high energies (250 keV to 2 Mev) for
use in heating tokamak plasmas in fusion energy devices and for neutral particle beam directed-
energy weapons. Although a great deal of progress has been made in the development of these ion
sources, the actual mechanisms responsible for their efficiency (and thus for further improvements)
are not well understood. It is believed that the main source of H- is dissociative attachment of
electrons to highly vibrationally excited H2 in its ground electronic state. However, the
populations of these vibrational levels, which are the central quantities of models of these sources,
had not been measured in situ when this project began.

We proposed to develop laser-based detection methods for determining, with high spatial

resolution, the populations of the relevant levels, especially those above v = 4-10. The techniques
we investigated include two-photon resonantly enhanced multiphoton ionization (REMPI), one-
photon laser-induced fluorescence (LIF) via the electronically excited B state, and two-photon LIF
via the excited EF state. We pursued this objective on two fronts. First, we developed techniques
for generating and characterizing tunable vacuum ultraviolet (VUV) laser radiation, including a new
method for measuring the bandwidth of an ArF excimer laser and Raman-shifting that laser into the
VUV. Second, on the basis of recent breakthroughs in Europe, we built and characterized a new
type of source for highly vibrationally excited ground state H2. Using this source and our two-
photon REMPI system, we demonstrated production of H2 in vibrational levels up to v = 11.



ACCOMPLISHMENTS

The main objective of this project was to develop portable methods for measuring in situ
the population of vibrational levels of H2 with high spatial resolution inside plasmas. The
requirements of sensitivity and spatial resolution suggested laser-based techniques, and we
investigated two: laser-induced fluorescence (LW), both one- and two-photon, and two-photon

resonantly enhanced multiphoton ionization (REMPI).

We measured precisely the two-photon absorption cross section for H2 from the
X 27(v" = 0, J" = 1) state to the EF 2 (v' = 6, J" = 1) state. This measurement substantially
resolved outstanding discrepancies between theory and previous experiments. It was published in
Physical Review in 1989, and appears here as Appendix A.

We developed a technique based on 1 + 1 REMPI of NO, for measuring the tuning range
and bandwidth of a tunable ArF excimer laser used for generating VUV photons. This technique
has been described in a paper accepted for publication in Applied Optics, entitled "Bandwidth and

Tuning Range of an ArF Laser Measured by 1 + 1 Resonantly Enhanced Multiphoton Ionization of
NO," which is attached as Appendix B.

We used a 2 + 1 REMPI method to sample the vibrational population and were able to
detect populations in vibrational levels up to v = 11, currently the highest vibrational level of H2

ever observed by photoabsorption techniques. The work has been described in a paper submitted
for publication in Applied Physics Letters and entitled "Generation of Highly Vibrationally Excited
H2 and Detection by 2 + 1 Resonantly Enhanced Multiphoton Ionization;" it is attached as
Appendix C.

On the basis of our success in measuring the two-photon cross section for the X--*E"

transition in H2, new cross sections for two-photon excitation in EF--X bands were performed
under this contract by a consultant, Dr. Winifred Huo of NASA-Ames. These calculp .ons, are
discussed in Appendix D and will be incorporated in a manuscript to be submitted to Physical
Review A.

We performed exploratory experiments discussed in Appendix E, uging a new stimulated-

emission technique for generating H2 (X, v = 6-9). We believe this technique holds great promise
for further work on the dynamics of highly vibrationally excited H2.
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We investigated two-photon LIF in H2, delineating the problems in that method, and

constructed a Raman-shifted ArF excimer source of tunable VUV light. With this source, we

demonstrated anti-Stokes Raman shifting in H2 and D2 up to the fourth order and began a search
for one-photon LIF in H2 but were still unsuccessful at the conclusion of this contract.
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PUBLICATIONS AND CONFERENCE PRESENTATIONS

The following papers and conference presentations were produced under this contract.

1. J. D. Buck, D. C. Robie, A. P. Hickman, D. J. Bamford, and W. K. Bischel, "Two-Photon
Excitation and Excited-State Absorption Cross Sections for H2 E1 F 1 Tg (v = 6):
Measurement and Calculations," Phys. Rev. A 39, 3932 (1989). A reprint of this paper is
included as Appendix A.

2. D. C. Robie, J. D. Buck, and W. K. Bischel, "Bandwidth and Tuning Range of an ArF
Laser Measured by 1 + 1 Resonantly Enhanced Multiphoton Ionization of NO," submitted
for publication in Applied Optics. A copy of this paper is included as Appendix B.

3. D. C. Robie, L. E. Jusinski, and W. K. Bischel, "Generation of Highly Vibrationally
Excited H2 and Detection by 2 + 1 Resonantly Enhanced Multiphoton Ionization," submitted
for publication in Applied Physics Letters. A copy of this paper is included as Appendix C.

4. D. C. Robie, L. E. Jusinski, and W. K. Bischel, "Laser-Based Detection of Highly
Vibrationally Excited H2 for Plasma Diagnostics," poster presented at the Forty-first Annual
Gaseous Electronics Conference, Minneapolis, October 18, 1988, and at the 1988 annual
meeting of the Optical Society of America, Santa Clara, California, November 1, 1988, and
published in Proc. SPIE 1061, 617-619 (1989). A reprint of this paper is included as
Appendix F.

5. W. K. Bischel, D. C. Robie, and J. D. Buck, "Two-Photon Ionization of NO at 193 nm for
ArF Laser Diagnostics," poster presented at the Third International Laser Science
Conference, Atlantic City, New Jersey, November 2, 1987.

6. D. C. Robie, L. E. Jusinski, and W. K. Bischel, "Laser-Based Detection of Highly
Vibrationally Excited H2 for Plasma Diagnostics," paper presented at a meeting of the Society
of Photo-Optical Instrumentation Engineers (SPIE), Los Angeles, January 15, 1989.

7. D. C. Robie, L. E. Jusinski, and W. K. Bischel, "Generation of
H2 (v = 4-11) and Its Laser Spectroscopy," paper presented at the First Quantum Electronics
and Laser Science Conference, Baltimore, April 26, 1989.

8. D. C. Robie, M. J. Dyer, L. E. Jusinski, W. K. Bischel, and W. Huo, "Photodiagnostics of
Vibrationally Excited H2 Using 2 + 1 Multiphoton Ionization Through the EF State," to be
submitted, 1990.
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Appendix A

TWO-PHOTON ExcrrATION AND E I ED-STATE ABSORPTION CROSS SECTIONS
FOR H2 E, F 17g (v = 6): MEASUREMENT AND CALCULATIONS
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Two-photon excitation and excited-state absorption cross sections
for H 2 E,F '1, (v =6): Measurement and calculations

Jesse D. Buck,* Daniel C. Robie, A. P. Hickman,
Douglas J. Bamford,t and William K. Bischel

Molecular Physics Laboratory, SRI International, Menlo Park, California 94025
(Received 21 November 1988)

-The absolute two-photon excitation cross section for the H2 E,F '1, (v'=6)-X 'I, (v"=O) Q(1)
transition at 193 nm has been measured by observing the EF 'I+ (v'=6).B 'I+ (v"0) fluores-
cence at - 750 nm. The measured integrated two-photon excitation cross section, (2.0±0.9) X 10-36
cm 4, is in good agreement with the theoretical value of 2.8 X 10-1 cm 4, which is obtained from pre-
viously published calculations [Huo and Jaffe, Chem. Phys. Lett. 101, 463 (1983)]. The absolute
cross section for photoabsorption by the EF state at 355 and 193 nm was also measured by moni-
toring the depletion of the 750-nm fluorescence caused by a second laser. The measured cross sec-
tions for photoabsorption by the E,F (v =6) state are (9.7±2.4)X 10- " cm2 at 355 nm and
(6.4± 1.3) X 10-n cm 2 at 193 nm. Comparison with theoretical estimates [Cohn, J. Chem. Phys. S7,
2456 (1972)] of the direct photoionization cross section of this state (8.5 X 10-" cm 2 at 355 nm and
3.2) 10- cm 2 at 193 nm) suggests that other processes may contribute to the photoabsorption.
Photoexcitation of the dissociating 1., autoionizing state is found to be important. Cross sections
for this additional channel, which may lead to dissociation (H* +H or H++ H-) or autoionization
(H2

+
+ e -), are calculated to be 3.6X 10- s cm2 at 355 nm and 7.6X 10- " cm2 at-193 nm. The cal-

culated branching ratio strongly favors dissociation at 355 nm and autoionization at 193 nm.

I. INTRODUCTION 160

Molecular hydrogen occupies a position of unique im- H + H+e
portance in chemical physics because it is the simplest 140 -
neutral molecule. As such, it supports a rich interplay 193 nm
between experiment and theory, due largely to the rela- 3H +"

-. tive tractability of large-scale calculations on this four- 120 -- .--nm ...............
particle molecular system. Hydrogen is also of consider- 120
able practical importance in areas such as combustion,'
extraterrestrial atmospheres, 2 vacuum-uv laser sources, 3

laser-based analytical probes, 4 and numerous others. In 100 EF Yv4J.0.1)
view of this, we have undertaken a series of experiments
to compare absolute cross-section measurements to calcu- 750 n 1 +

lations for two-photon resonant multiphoton transitions so=
in H 2. Ab initio calculations of the two-photon transition
moment5 for H2 EF (v'=6)+-X (v"=0) have been avail-
able in the literature for several years and can be used to
compare to quantitative measurements. In addition, this 60

research was motivated by the need to develop detection
methods for vibrationally excited ground electronic state
hydrogen for application to the diagnostics of H- plasma

v"=0 ground vibrational state will serve as a benchmark

for determining the sensitivity for H 2 (v">0) detection
using two-photon excitation. 20

In this paper we report absolute measurements of both
the two-photon cross section for excitation in the transi-
tion from the X (v"=0) to the EF (v'6) state of H 2, 0 X1 (v.OJ.1)
and cross sections for absorption by the excite, state.
The wavelength dependence of the absorption cross sec- FIG. 1. Selected energy levels for H2. The threshold for ion-
tion alb. is of particular interest since several mecha- ization is 124417 cm-'; for dissociative ionization the threshold
nisms in addition to direct photoionization can contrib- is 145 796 cm-I (Ref. 35).

39 3932 ® 1989 The American Physical Society
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39 TWO-PHOTON EXCITATION AND EXCITE-STATE... 3933

ute" -10 As a first experiment in this direction, we have KIP DYE KIP
measured the total absorption cross section at two wave- LASER LASER
lengths (193 and 355 nm). These results are compared to _CLL H2 PUMP
theoretical calculations of the cross sections for direct 2 * * pyROELECTRIC
photoionization and for other channels contributing to r 2-.- _ ..J JOULEMETER
absorption. 20 cm

The H2 energy levels relevant to the work reported Is. nm 193 nm
here are given in Fig. 1. The J' = 1 rotational level of the
E,F (v'=6) level was excited using two-photon absorp- LENSL2...- FILTER

tion at 193 nm. The excited level either fluoresced in the PMT
near-ir region (750-840 nm) or absorbed a third photon

" (either at 193 or 355 nm). The experiment consisted of ArF
quantitatively measuring either the fluorescence pro- LASER
duced in the two-photon process or the depletion of
fluorescence caused by absorption of a third photon, and
measuring the laser intensity in the observation volume. t
Using techniques previously developed in this laborato- N20 PUMP

ry, 11 12 two-photon excitation cross sections were derived FIG. 2. Apparatus for measurement of the excited-state ab-
from the data. Using the fluorescence depletion tech- sorption cross section at 193 nm in H2. The E,F (v*=6)-X
nique,1 3 excited-state absorption cross sections were also (v"=0) Q1) two-photon absorption cross section was measured
obtained. in a similar apparatus, with the ArF laser beam blocked, and

The paper is organized as follows. Section II describes the last 20-cm lens removed. To measure the excited-state
the experiment, including a detailed description of two single-photon absorption cross section at 355 nm, the potassium
methods used to produce tunable radiation at 193 nm. dihydrogen phosphate (KDP) crystal was used to generate both
Section III describes the theoretical calculations. Two- 532-nm radiation (to pump the dye laser) and 355-nm radiation.

-. photon excitation cross sections for the E,F.--X transi- The latter follows a path like that of the ArF laser beam.
tion, and for the direct photoionization of the EF state,
are derived from work already in the literature. Photoex-
citation to a dissociating, autoionizing 11. state from the mental cell. Pulse energies of up to 50 AJ were focused
E,F state is treated. Section IV compares and discusses into the experimental cell. The pulse length was 4 ns,
the experimental and theoretical results, and Sec. V and the fourth AS bandwidth was - 1 cm-.

- presents concluding remarks. The second laser source of tunable 193-nm radiation
was a commercial two-cavity excimer laser with a

. EN grating-tuned oscillator-amplifier system (Lambda Physik
IL EXPERIMENT EMG150). The beam from the oscillator was amplified

Awith a single pass through the amplifier cavity to an ener-
A. Aparatus and procedure gy of 1-2 mJ/pulse, with a pulse width of 12 ns and a

bandwidth of 0.3 cm-. Much higher pulse energiesThe ppaatus mehod of ataacqisitonand could be obtained by using unstable resonator optics on
analysis used here for the two-photon absorption cross-
section measurements have been previously described in the amplifier and injection locking it with the oscillator
detail for atomic oxygen. 12 The apparatus is diagramed output, and this configuration was used for the two-laser
in Fig. 2. Tunable laser radiation at 193 nm was generat-
ed using two different methods. This allowed the com-
parison of cross-section measurements using coherent 30
sources that had significantly different photon statistics, am
bandwidths, and spatial temporal characteristics. In the
first method a frequency-doubled Nd:yttrium-aluminum- 22
garnet (YAG)-pumped dye laser (Quanta-Ray E,F (v' = 6) X (v" 0)DCR2 +PDL) was Raman shifted in H to genrat (vover(v 0

100 uJ in the fourth anti-Stokes (AS) order at 193 nm. 14
Because the first Stokes order of the Raman-shifted dye z
laser fundamental has nearly the same wavelength as the o
fluorescence being observed (-750 nm), it was necessary W s
to prevent any stray light from the Raman cell from )

reaching the photomultiplier. This was achieved by
focusing the 193-nm beam (fourth AS order) with a 20- -2 . , . i . . . . .
cm lens through a small pinhole in an opaque enclosure 193.30 193.20 193.10
which surrounded the Raman cell output and the Pellin- LASER VACUUM WAVELENGTH (nm)
Broca prism used to separate the various beams. A FIG. 3. Fluorescence signal as a function of ArF excimer
second 20-cm lens outside the enclosure then reconverged wavelength. These scans were used to calibrate the wavelength
the 193-nm beam to a focus - 100 cm away in the experi- scale.

A-2



3934 BUCK, ROBIE, HICKMAN, BAMFORD, AND BISCHEL 39

depletion studies described below. The single-pass then digitized by hand. They were subsequently integrat-
configuration eliminated effects from unlocked broad- ed (or squared and integrated) and averaged.
band output on the two-photon absorption measure- Excited-state absorption cross sections were measured
ments, which are sensitive to the laser bandwidth. in a pump-probe arrangement in which the fourth AS

The laser energy at 193 nm was varied by admitting 5 beam pumped some molecules into the E,F state and ei-
mol % N20 in Ar into a 50-cm-long cell equipped with ther the excimer beam or the tripled Nd:YAG beam dep-
Brewster windows which the laser beam passed through leted a fraction of the excited population after a several
prior to entering the fluorescence cell. (5 mol % Cl2 in nanosecond time delay. 13 The two-laser fluorescence de-
Ar was used to attenuate the 355-nm beam.) A few hun- pletion experiments had the advantage that the absolute
dred Tor of the N 20 mixture was sufficient to extinguish number density of excited molecules did not need to be
the laser beam, and the attenuation could be continuously known, since the fractional depletion of the lower level in
varied by rumping out the mixture. The laser energy was the absorption of the third photon was directly measured.
measured at the cell exit, with a correction made for the A short focal length (f =20 cm) lens was used in the
window loss in the single laser experiments. pump laser beam, generating a high density of excited

The wavelength of the excimer laser was calibrated by molecules in a small volume which was viewed by the
observing the fluorescence excitation spectrum with both photomultiplier. A significant fraction of the excited
the E,F (v'=6)-X (v"=0) Q(l) and Q(0) lines shown in molecules absorbed a third pump laser photon. Because
Fig. 1. Typical data for this calibration scan are given in the absorption cross-section measurement did not depend
Fig. 3. Additional wavelength calibration experiments on the excited-state density, this did not affect the result.
were performed using I + 1 two-photon ionization in A second laser pulse spatially overlapped the pump laser
NO. 14  focus, and was delayed in time by - 10 ns. [The excimer

Radiation at 355 nm was obtained from frequency tri- laser was tuned to a wavelength near the E,F (v= 6).-X
pling for the Nd:YAG laser. This produced 30 mJ in a (v"=O) Q() two-photon transition. No fluorescence
pulse 5 ns long. The beam had a roughly top-hat spatial could be detected with the pump beam blocked. The
profile, but exhibited considerable spatial mode structure. wavelength of the excimer laser beam was then within

The experimental cell was equipped with parallel elec- 0.05 nm of 193.26 nm.] In order to be certain that all the
trodes running the length of the cell for ion detection, excited population was subjected to the same ionizing
and a fast aspheric lens to collect the near-ir fluorescence laser fluence, the time-delayed probe beam was not fo-
from the excited molecules due to the transition EF cused. High pulse energies were then required to pro-
(v'=6, J'= I)--.B (v"=O, J"=0,2). H2 flowed through duce measurable depletion. By placing a gate on the
the cell at pressures of 0.2-0.3 Tort. We detected a mul- fluorescence signal -20 ns after the delayed laser pulse
tiphoton ionization signal. However, small quantities of had ended, the fluorescence was observed to be depleted
easily ionized impurities in the gas system (presumably by the delayed laser. A second gate was placed at the
vacuum pump oil) interfered with the resonant ionization peak of the fluorescence signal prior to the delayed probe
signal giving a relatively large background signal. laser pulse; this provided a signal proportional to the den-

Fluorescence collimated by the aspheric lens and sity of two-photon excited molecules for shot-to-shot nor-
transmitted by a 750-nm bandpass filter was refocused by malization. This signal was unaffected by the probe laser.
a second lens (nominal f number -0.7) onto an RCA The ratio (delayed fluorescence signal)/(peak fluorescence
C31034A photomultiplier tube. The fluorescence signal signal) at each delayed probe laser power was divided by
was integrated with an Ortec 113 preamplifier for all the the value of the ratio with the delayed probe laser absent.

two-photon absorption measurements. The fluorescence
signal was recorded while scanning the laser through the
E,F (v'=6)-X (v"0) Q) transition at various pulse
energies. 4t 1.2

The excited-state decay rate was measured by fitting a Z
single exponential to the time-resolved fluorescence signal
(acquired on a Tektronix 2430 digital oscilloscope in W 0.9
averaging mode without the Ortec 113 preamplifier). U .

This was used for the total decay rate I" A6,. +Q [see E
Eq. (1)]. The collisional quenching rate by H2 was mea-
sured to be 1.95X 10- 9 cm3 s- 1 , close to the value previ- C .

ously measured by Kligler and Rhodes. a 6 1 2
The spatial beam profile was measured with a pyroelec- IL 0.3- Vabs 6.4 x 10 19 em

tric detector arra) which has 1O0-,.m resolution (Spiricon
LP-256-1 I-SP). Scanning a pinhole across the beam gave 4

the same result as the more convenient pyroelectric ar- w 0 1 1 I I I I I I I
ray. The temporal pulse profiles were measured by 0 0 12 24 36 46 0
reflecting a fraction of the beam onto a fast photodiode 193 nm DELAYED LASER FLUENCE (mJ/cm 2)
(100-ps rise time, Instrument Technology Limited) and
observing the output on a I-GHz oscilloscope (Tektronix FIG. 4. Fluorescence depletion measurement at 193 nm. The

7104). Several pulses were photographed for each run, solid curve shows a least-squares fit to an exponential decay.

A-3
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FIG. 5. Fluorescence depletion measurement at 355 nm. The FIG. 6. Intensity dependence of the fluorescence signal for
solid curve shows a least-squares fit to an exponential decay. data given in run 2 of Table II.

Because the decay rate of the excited population by divided by the square of the pulse energy: r0 is the lie 2

fluorescence or collisional quenching was unaffected by radius of the laser beam intensity (fit to a Gaussian
the probe laser, this normalization eliminated effects of profile; averaged over the fluorescence viewing region);
those processes on the results. Aw is the energy of a single laser photon; No is the density

The pulse energy of the delayed laser was varied from of molecules in the initial state of the two-photon transi-
zero to full power, and a plot of delayed fluorescence tion; and D is the calibration constant for the fluores-
versus delayed laser was recorded. Typical depletion cence detection system. 1 F(t) is the measured temporal
plots are shown in Fig. 4 for 193-nm absorption, and in laser profile, defined as in Ref. 12:
Fig. 5 for 355-nm absorption. The plots show an ex- I(rzt)U(rz)F(t)
ponential decay. The decay constant of the delayed
fluorescence as a function of the fluence of the delayed f F(t)dt =-1
laser (in photons/cm2) equals the cross section in cm 2 for

*absorption of a photon from the delayed laser beam. The where I(r,z,t) is the beam intensity and U(r,z) is the
fluence of the delayed laser was determined by removing fluence. The fluorescence quantum yield is
the fluorescence cell and placing a 100-/sm-diam pinhole A60
at the waist of the focused pump beam, and then measur-
ing the energy of the delayed laser beam which went , A 6v,. +Q
through the pinhole. Since the delayed laser beam was V"

not focused, the 100-pum pinhole had adequate resolution where A60 is the Einstein A coefficient for the detected
__ to measure the laser fluence. fluorescence in the E,F (v'-6)--B (v"=0) band, Q is

the rate of collisional quenching, and I.,, A 6v" is the sum
B. Measurements of Einstein A coefficients for fluorescence in all bands

Plots of ln(peak signal) versus In(laser energy) for one- (IV" A 6 ..= 1.01 X 107 sec-1). The quantity A 60 was ob-
laser data were prepared to determine the effective order tained from a theoretical calculation 7 of the band transi-
of nonlinearity, k, where k is the apparent number of tion moment (Table I).
photons involved in a given process: The fluorescence detection system was calibrated with

spontaneous Raman scattering of a visible laser beam by
k =a ln(signal)/ ln(energy) . a static fill of - I atm H2 in the experimental cell to pro-

duce a known photon flux at the wavelength of interest. 11The plot of the fluorescence data had a slope of 2, which The most important fluorescence wavelengths and calcu-
is expected for a two-photon process in the absence of lated branching ratios are listed in Table 1. The ratio of

saturation (Fig. 6). te rng ratio al ine I.nThe at of
An effective two-photon excitation cross section the strengths of two rotational lines originating at the
(21(&))] was calculated using the formula 12  same level within a band equals the ratio of the H6nl-

London factors for the two lines. We collected photons
A6 ., +Q 2 (AW)2 from two lines only, the P(2) and R(O) lines originating at

S f( " the E,F (v6, J'= 1) level and terminating in the B
E 2  A 6 NODf_ F2 (t)dt (v"-O, J"=2,0) levels, at wavelengths 752.7 and 746.2

nm, respectively. The ratio of the calculated H6nl-
where 0 2 (w) (also known as the two-photon rate London factors for these two lines in a 1-1 transition is
coefficient' 6) is the effective two-photon cross section in 2. 18 The calibration constant D [see Ref. 11, Eq. (1)] was
units of cm 4 S: S(a)/E 2 is the fluorescence signal in volts measured in each run at an intermediate wavelength,
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TABLE I. Fluorescence wavelengths, Einstein A coefficients, and branching ratios for H2 E,F
v'=6, J'= 1).

X[R (0)] ?.[P(2)]
Lower level (nm) (nm) A,,... (s- ) Branching ratio

B (v"=0) 746.2 752.7 3.6X 106 0.36
B (v"= 1) 827.6 835.2 4.9X 106 0.49
B (v"=2) 925.7 934.9 2.6X 10' 0.03
B (v"=3) 1047 1058 2.4X 10W 0.002
B (v"=4) 1070 1082 7.7X 104  0.008
B (v'' = 5) 1396 1415 4.6X 10' 0.05
All others > 1400 > 1400 7.3 X 10' 0.07

Total 1.01 X 107 1.00

'Reference 17.

748.8 nm; then D was measured once at several wave- an excited-state absorption cross section of
lengths. Combining the ratio of line strengths and the (6.4±1.3)X I0-1 cm 2 at 193 nm.
wavelength dependence of the apparatus responsivity, it The two-laser absorption cross-section measurement at
was found that D . where Dff=Ds 2  355 nm showed a greater run-to-run variation (-15%)

++D74.2. than the 193-nm measurement. This was probably due to
The two-photon excitation cross section was measured the pronounced spatial mode structure of the Nd:YAG

several times, varying the beam diameter at the focus. laser output which makes it more difficult to uniformly
The measured parameters for Eq. (1) are listed in Table II irradiate the excited molecule region with the 355-nm
for each run. In run 6, a cylindrical beam profile was ob- laser output. We obtained a value of (9.7±2.4)X 10- 11
tained by sending the collimated laser beam through an cm 2 for the excited-state absorption cross section at 355
aperture just before the fluorescence cell, in which case nm.
the radius of the cylindrical profile could be directly sub- C. Role of photon statistics
stituted for r0 in Eq. (1). [See the derivation of Eq. (1) in
Ref. 12.] Large variations between runs in the photomul- The line-shape-independent, two-photon excitation

.. - tiplier calibration constant D were caused primarily by cross section a4 ), which is a fundamental property of the
the use of different photomultiplier tube bias voltages to molecule, is related to the effective cross section defined
obtain optimum signals for data acquisition. by Eq. (1) as follows:16

The two-laser absorption cross-section measurement at & (1)((0) = a(Vg ((O)G (2)
193 nm was performed several times in a two-day period. 0 (2)
Successive runs agreed to within about 2%, while all the where g (o) is the area-normalized line-shape function,
data agreed to within 10%. We attribute the 10% spread and G(2) is the second-order intensity autocorrelation
to random error in calibrating the fluence of the delayed function of the laser,
laser. An uncertainty of 20% for the fluorescence de-
pletion measurements includes possible systematic errors G (2)_ f 2( )(3)
(mainly pyroelectric detector calibration). We found (f(t))2 '

TABLE II. Experimental parameter values for o 2
, measurement.

Parameter (units) Run I Run 2 Run 3 Run 4 Run 5 Run 6

S/E 2 (10 V/J 2 ) 68.4 7.04 0.395 0.217 0.372 2.42
(10- ' cm2 ) 1.81 0.848 2.03 1.57 1.73 3.39

A A6,.,.+Q 0.114 0.109 0.115 0.114 0.135 0.110
"No (1011 cm-Ihs 7.15 7.57 7.04 7.08 5.41 7.41

D (10- 7 Vcmsr) 168 15.2 4.94 1.25 2.71 80.5
f F2(t)dt (101 s - 1) 3.01 3.00 0.755 0.800 0.772 0.871
'12 (0) (10- 4

1 cm 4 s) 1.25 0.660 1.11 1.74 1.76 0.599
G 2)o '? (10 - 36 cm 4) 4.3 2.0 3.6 3.9 5.8 1.3
Laser type dye dye ArF ArF ArF ArF
G 2

, (assumed) 1.4 1.4 2.0 2.0 2.0 2.0
aI02() ( 10 - 36 cm 4 )  3.1 1.4 1.8 1.9 2.9 0.65

'Density in the J" = I rotational level of H2. The quenching rate Q was calculated using the total densi-
ty with NT = 1.52N0 .
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where f (t) is the true area-normalized temporal profile of I. THEORY
the laser pulse measured with an infinitely fast detector.
The angular brackets denote time averaging over a scale A. Comparison of a(02 with previous calculations
long compared to the coherence time of the laser, but
short compared to the laser pulse length: 19  The theoretical value of the integrated two-photon ex-

citation cross section ao21 (in cm4) was obtained from the
calculated two-photon transition moment 5 using the for-

(f(t)) - 4" +Alf(t )dt , mula 6

At~ e2 p2
(2) (21')3 - (e'22 (4)

a(7. fi+ (4
(f2(t))=_ & ) ,I

where

:. : p= ,(flrlk )(klrlg )(5

The response time of the photodiode used is in the proper k Eg- Ek + ACio
range; thus (ft)) equals the observed F(t). The band-
width of the excimer laser was considerably smaller than is the two-photon transition moment for excitation by
that of the Raman-shifted laser, but the observed one laser beam; here g, k, and f refer to the ground, vir-
linewidths [and hence g (w)] were mainly determined by tual intermediate, and final states of the transition, re-
the sizable Doppler width for H2 (0.90 cm- 1). The quan- spectively; r is the dot product of the dipole moment
tity G(2lao21 is obtained in absolute units by integrating operator with the laser beam polarization; and w is the
& (21(W) the excitation as discussed angular frequency of the laser. It is necessary to be care-

1 over profile, previous- ful in applying the results of Ref. 5. When the value of

The factor G(21 characterizes the photon statistics of p 2 from Ref. 5 of 19.7 a.u. is entered into Eq. (4), the re-
sult is much larger than our measured value. However,the pump beam, which must be taken into account when the authors of Ref. 5 originally calculated a transition

a multiphoton cross section is compared with theory. thethor absorgin calculatedton rahton

Our detection apparatus is too slow to capture the inten- moment M for absorption of one photon from each of

_- sity variations (on a time scale of ps) of the multimode two statistically independent laser beams:

laser output. The factor G(2) may be thought of as ex- (flrlk)(klr'jg) + (flr'lk)(klrlg (6)pressing the amount of "'spikiness" in the beam intensity M 4 = ES -E Ek --f1E k --fU0
that cannot be resolved by the photodiode. This point k E

has been more fully discussed for two-photon excitation (where the prime denotes the second laser beam). They
in atomic oxygen in Ref. 19. then set r'=r and ao'=wo. To avoid double counting, the

We used G(2)= 1.4 for the Raman-shifted dyer laser, 19  resulting transition moment must be divided by 2 in or-
and 2.0 for the excimer laser (i.e., the excimer laser was der to use it in Eq. (4). 20 Since the transition moment is
assumed to be a chaotic source). These choices are squared in Eq. (4), the cross section is reduced by a factor
reasonably consistent with the present results: the aver- of 4. The correctly calculated cross section, a(2)

age value of G(2Vo2M for the Raman-shifted laser mea- =2.8 X 10-36 cm 4, is in reasonable agreement with our
surements (runs 1 and 2) is 3.1 X 10- 36 cm4, while for the measurements.
excimer laser (runs 3-6) it is 3.7X 10- 36 cm4. The ratio
3.7/3.1 = 1.2, which is fairly close to 2.0/1.4=1.4. The
scatter is too large to consider the difference significant. B. Direct photolonization of the E,F state
The average of G(2'co2 from runs I and 2 divided by 1.4,
and runs 3-6 divided by 2.0, is oro =(2.0±0.9)X 10-36  Several processes fall under the general category of
cm 4. photoabsorption by the E,F state. In this section we con-

TABLE III. Calculated cross sections for H 2 (EF, v=6)+A.

Process 035S (10- " cm2) a 93 (10- cm2)

Direct photoionization
to v+=1 0.37 0.10
to v+ =2 8.11 2.03
to v+ = 13 0.52
Sum over all
open channels 8.50 3.15

Photoexcitation of '1.
autoionization 0 7.13
dissociation (neutral+ ionic) 3.55 0.52
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sider direct (i.e., conventional) photoionization: bly excited, dissociating autoionizing state is an impor-
tant channel in the photoionization of the C 1l1 state of

H + ---H 2 +e- ,H 2. We therefore performed quantitative calculations to

which is described by the matrix element between the assess the role of this channel in the present situation.
bound E,F state and the electronic continuum plus the The mechanism considered is illustrated in Fig. 7. The
bound H 2

+ state. The cross section for this process may initial level is V'=6 of the E,F state. Excitation to the
be estimated from calculations in the literature. The lowest ' autoionizing state is shown in the figure. This
work of Cohn2 1 provides tabulated cross sections as a state has been calculated by Guberman 26 and its electron-
function of the ejected electron energy. We interpolated ic configuration is 2poa2soa. It is the most likely candi-

.. these and multiplied by the appropriate Franck-Condon date final state, because it is reached by a strong one-
factors. The results are tabulated in Table III. This ap- electron transition 2pa .- lsa' from the inner-well E
proximation neglects the R dependence and the electron Isar.2sa, component of the E,F state, and by a one-
energy dependence of the transition moment. electron 2sag*--2pa . transition from the outer-well F

More sophisticated calculations of the direct photoion- (2peru)2 component of the E,F state. Once excitation has
ization process have been- carried out by Rudolph et al.22  occurred, the nuclei start to move outward on the 'Y.+
These authors reported relative cross sections for the final potential curve. This electronic state is unstable with
vibrational states, but not the absolute numbers. An esti- respect to autoionization, which occurs as the nuclei dis-
mate of the direct photoionization cross section from the sociate. This process, electron emission, leads to the final
E,F (v=6) state to H 2+(V =2) obtained from their state H 2

+ +e- If autoionization does not occur, the nu-
work20 is 1.5X1O- 1 cm 2, which is about 25% smaller clei continue to follow the 'I curve and ultimately
than the corresponding value in Table III. reach an asymptotic state of the form H(ls)+H*(nl), or

H-+H - .
C. Photoexcitation of the ', autoionizing state The process just described, which leads to molecular

f~om the E, Ystate autoionization (H 2
+ +e), neutral dissociation (H* +H),

or ionic dissociation (H+ +H-), was treated using the
Since the measured cross section for absorption by the technique developed by Hickman. 9 The method treats

E, F (v'= 6) state is larger than the calculated upper limit the dynamics of nuclear motion by solving Schr6dinger's
for direct molecular photoionization, another mechanism equation with a nonlocal, complex potential. Cross sec-
may play a role. Recent work in this laboratory9' 23 and tions for total dissociation and molecular autoionization
elsewhere24' 25 has demonstrated that excitation to a dou- were obtained, as well as the distribution of final vibra-

7 - .-i \ I

6

.5
I\I " , ....,H+H +

4 /U----
Li -

•~ ~ ~ ~ ~ ~ ~ ~ ~~~~~I ;, "- - - - - :- ''"' r"V] +(n 2)

13nm [L,

I - Autoionization 355 nm

- - Photodissoclation

0 - - Direct Photolonization E V
- Present Data

I A a , , I I I I4
16 14 12 10 8 6 4 2 00 2 4 6 8 10

CROSS SECTION (10.16cau 2) R (unM of a

FIG. 7. (a) Calculations for direct photoionization ( .--- ), photodissociation through the II., state ---- ), and autoionization
- ) through the 'I. state of H2. (b) Potential curves of H2 illustrating the mechanisms contributing to the calculations in the left

panel. Notice that the energy (vertical) scales are the same in both panels, thereby clearly exhibiting the threshold behavior of all the
cross sections.
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tional states resulting from molecular autoionization. Tennyson and Noble calculated F(R) for R :- 2.8 a.u.; for
The necessary quantities for the calculation are the fol- larger values we took the value at R = 2.8 a.u.
lowing: (1) the transition matrix element (R) connect- With these potential curves, and the estimates of the
ing the initial E,F state with the 11: state (R is the inter- matrix elements, we can treat photoexcitation of the 11.
nuclear distance); (2) the potential curve for the 'Y autoionizing state. The calculated results are presented
state; and (3) the matrix element Ve1(R) connecting the and compared with our experimental measurements in
Y. state with the final-state continuum H2

+
+ e. The Sec. IV.

determination of these potentials and matrix elements is
described in the following paragraph. IV. DISCUSSION

To calculate the transition moment 14R) connecting
the 7, autoionizing state, one must take into account

the R dependence of the E,F electronic wave function. (E,F*--X) cross section are in reasonable agreement with

This can be done in an approximate way by considering theory, as discussed in Sec. III A. The excitation process

the two dominant electronic configurations, lso 2sa is straightforward and appears to need no further discus-
)29 sion.

and (2po,)2. Each of these configurations corresponds to Photoabsorption by the E, F W= 6) state is more com-

a diabatic potential curve; the avoided crossing of these plex, because several alternate channels are available. We
well-knownwrite several possibilities schematically as follows:

E,F state. We can approximate the adiabatic electronic
wave function as follows: H2

+ +e- , (9a)

PE.F(R )=[cosO(R)]( lsog2so ag)+[sinO(R )](2pa. )2 .H* ---H2+ +e - (9b)

(7) H;(E,F)+w--- H2*-.H* +H, (9b

Estimates of the mixing angle 0 may be obtained from H2*--H++H- , (9b")
the diabatic potential curves and coupling matrix ele-
ments determined by Hazi et al.27 and Ross and
Jungen.28 One sets up a two-state Hamiltonian in the H+H++e . (9c)
standard way: HI (R) is the energy of the (2pua)2 state; Some of these channels have already been observed or
H 22 is the energy of the lsao2sa, state; and discussed in the literature. Direct photoionization, (9a),

Hj2=v0/[2_8,(R)]P/2 is well known.22 Channels (9b), (9b'), and (9b") denote
' the excitation and subsequent decay of highly excited au-

where vo=0.048 a.u., 27 and 8,t(R) is the quantum defect toionizing states. Competition between autoionization

function. There is some uncertainty in the estimate of and dissociation of these channels has been studied.31

H1 2 because it was necessary to extrapolate v0 beyond the Channel (9c) is possible for sufficiently energetic photons,

range in which it was calculated by Hazi et al. The re- and has been inferred from observations of proton pro-

suit is duction.10 A complicating feature of the experimental
analysis of this channel is that other possible sources of

tan[20( R)] =2H12 /( H 1 - H 22 ) . H + ions are photoionization of the excited atomic hydro-
gen, H*, produced by (90), or photodissociation of H 2

+ .

We must now evaluate Previous experiments have provided relative cross sec-

i(R )= ('1'E.F(R)Ip, 2pa.2sag )  tions for several of the channels listed in (9). For exam-
ple, the photoelectron energy distribution has been mea-

2[cosE(R)]( lso, Ir cos6l2pau ) sured for (9) at 193 nm and provides evidence of a strong-
ly non-Franck-Condon distribution of final vibrational

+[sifie(R)](2po'~rcos8I2sc7,) (8) states of H2+.32 33 These results suggest that (9a) is not

where r and 0 are spherical electronic coordinates. the only important channel. The present work provides

The first matrix element is for the 2pao.--Isa, core complementary information, because absolute cross sec-

transition and has been evaluated by Bates. 29 Its value is tions are measured and compared with theoretical calcu-

-R /2 times a correction factor close to unity. The lations. Since the measured cross section for photoab-

second matrix element is for the 2sa---2po" transition. sorption was significantly larger than the theoretically

It was evaluated numerically using single center wave calculated cross section for channel (9a), additional chan-

functions determined from quantum defects. The results nels probably play a role.

are well approximated by the polynomial 1.571 Theoretical calculations were carried out for compar-

-0. 3807R + 0.062 68R 2 (atomic units are used). ison with the experimental data, which were obtained at

The Y. potential curve has been calculated by Guber- values of Acw corresponding to 355 and 193 nm. The cal-

man. 26 The matrix element Ve(R) is obtained from the culations treat channels (9a), (9b), (9b'), and (9b"), for
resonance width F(R ) calculated by Tennyson and No- which estimates of the coupling terms could be obtained

ble, 3 using the relation as described in Sec. III. These calculations suffice to
demonstrate the importance of channels (9b), (9b'), and

Ve(R)=[r(R)/21r]' 2 . (9b"). Coupling terms to treat channel (9c) have not been
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TABLE IV. Comparison of experimental and theoretical cross sections.

o (E,F (v'=6)-(v0)) ,o,(EF (v"=6)+ 193 nm) .b,(E,F (v"=6)+355 nm)
(10- 6 cm4) (0-1 cm') (10- ' cm')

Experimental 2.0±0.9 6.4± 1.3 9.7±2.4
Calculated 2.8 10.8 12

.... calculated, and thus only qualitative comments can be with the measured data, as summarized in Table IV.
made about this channel. Channels (9a) and (9b) may interfere, so that the total

The theoretical calculations are summarized in Table cross section may not be equal to the sum of the cross
III and in Fig. 7. An interesting implication of the calcu- sections calculated for individual channels. We have not
lations is that the relative importance of the various taken that into account. The crucial point we wish to
channels (9) changes dramatically with photon energy. make is that the measured cross section for photoabsorp-
This behavior can be best understood by examining Fig. tion is larger than the cross section calculated for direct
7. Cross sections for the various channels are shown. photoionization (a factor of 2 larger at 193 nm). The ad-
The short-dashed curve is direct photoionization, and is ditional channels considered clearly provide a substantial
summed over all open final vibrational channels. It is contribution to the total signal.
shown for energies above the threshold for excitation of
the v=2 vibrational state of H 2

+ . The jump at about V. CONCLUSIONS
40000 cm-' corresponds to the opening of the v-13

- state of the ion. The Franck-Condon factor for this state The measured integrated two-photon excitation cross

(0.089) is second only to that for the v=2 state (0.754), section, o2)=(2.0±0.9)X 10-36 cm 4 , was in good agree-
and comes from the portion of the wave function in the ment with the calculated value, a 2'= 2.8 X 10 - 36 cm - 4 ,

outer F well. The long-dashed curve is photodissociation for the H 2 E,F 'Y, (v'=6).---X Y., (v=O) 0() transi-

(including both neutral and ionic channels) on the y- tion. The cross section for absorption by the excited E,F
autoionizing state. The details of this curve are uncertain state of a third 193-nm photon, or,, = (6.4±1.3) X 10-
because of the approximate transition matrix element cm 2 , was found to be substantially larger than our es-
used, but the general features make physical sense. The timated value for direct photoionization, 3.2 X 10- 18 cm 2 .

threshold occurs at the energy at which H(n = 2) + H Excitation of the 'Y, dissociating, autoionizing state was
may be formed. The oscillatory structure reflects the os- treated and shown to contribute significantly to the pho-
cillations of the vibrational wave function in the outer toabsorption. Agreement was good between theory and
well. In the region of oscillations, photodissociation is experiment for absorption by the EF state of a 355-nm
effectively the only available channel. The overlap be- photon. The sum of cross sections calculated for the
tween the dissociating wave function (H*+H) and the separate channels was 12X10 - 8 cm 2; we measured
H2

+ vibrational wave functions is negligible up to about tb,=(9.7±2.4)X 10-is cm 2 .

30000 cm - 1. Above this energy, the solid curve starts to The technique of two-photon excited fluorescence
rise. This curve corresponds to photoexcitation of the (TPEF) appears promising as an analytical technique to
12. state, followed by autoionization, which can only be measure densities of vibrationally excited H2. Scaling
large when the wave function of the dissociating state from our demonstrated signal-to-noise ratios for v"=O,
(determined by the photon energy) has a good overlap- we estimate that densities of 1010 cm-3 per quantum state
with the wave functions of the open vibrational channels, could be detected by using TPEF, using a laser pulse of
It is interesting to note that the oscillations in the photo- 10 mJ focused to 10-2 cm - 2 with a l0-ns pulse length. If
dissociation curve are quenched once autoionization be- the two-photon absorption cross sections for v" = 1-14
comes probable. are as large as the cross section reported here for v"=0,

These calculations suggest the following interpretation it should be possible to determine the vibrational state
of the observed photoabsorption signal. At 355 nm, the distributions in the multicusp H- ion sources currently
process is predominantly direct photoionization, with a under development. 6.34

small component of photodissociation. Dissociative ion- Note added. The theoretical value of a(" has recently

ization, (9c), and ionic dissociation, (9b"), are not ener- been reevaluated by Huo. 36 The new value is 3.6X 10-36

getically allowed. At 193 nm, direct photoionization is cm 4. This will be discussed further in subsequent publi-
much smaller, and photoexcitation of the 11, state fol- cations.
lowed by autoionization is quite important. Dissociative
ionization is possible at this energy, but our present data
do not distinguish between the production of H2 + and ACKNOWLEDGMENTS
H' ions. Anderson et al.32 argued that less than 5% of
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ABSTRACT

The tuning range and bandwidth of an ArF laser were measured using

1 + 1 resonantly enhanced multiphoton ionization of NO. Operated as an

injection-seeded oscillator/amplifier combination, the tuning range was 51560 to

51810 cm-l; operated with single-pass amplification of the oscillator, the tuning

range was 51560 to 51765 cm-1. In both cases the laser bandwidth, determined

from the linewidth, was 0.21 ± .06 cm-1. Rotational lines in the P(7,0), 7(3,0),

and e(0,1) bands were observed, including several previously unreported lines.

KEY WORDS: excimer laser, NO, multiphoton ionization, laser diagnostics.
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INTRODUCTION

Within the last few years, powerful tunable excimer lasers have been

introduced into the laboratory. Simple techniques for the determination of the

bandwidth and wavelength of these lasers in the vacuum ultraviolet are needed,

particularly at the ArF (193 nm) and KrF (248 nm) laser wavelengths. Although

there are several two-photon resonances, for example in H2
1-2 and Kr3 , that

could be used to calibrate the wavelength at 193 nm and 248 nm, it would be

useful for a number of applications to have a calibration technique using many

one-photon resonances across the ArF tuning curve, similar to the 12 reference in

the visible.4 We report here the development of a diagnostic technique at 193 nm

based on 1 + 1 resonantly enhanced multiphoton ionization (REMPI) in NO.

The beam of an ArF excimer laser is used to produce NO+ ions through a

1 + 1 REMPI process. High-J lines of the B2FI(v' = 7)--X2FI(v" = 0) (also

known as the 13(7,0)), the A21-(v' = 3)*--X 2Fl(v" = 0) (also known as the

Y(3,0)), and the D2 .(v' = 0)--X2FI(v" = 1) (also known as the e,(0,1)) bands of

NO lie within the tuning range of the ArF laser. In all of these bands we have

observed rotationally resolved lines by REMPI that have not been previously

reported. From the energies and widths of these lines, we have been able to

measure the tuning range and bandwidth of the laser.
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EXPERIMENTAL

Spectra were collected using two laser systems. Spectra over a wide

tuning range were taken using a dye laser. The output of a Nd:YAG laser

(Quanta-Ray DCR-2) was doubled and used to pump a tunable dye laser (Quanta-

Ray PDL-2) using Rhodamine 6G dye. The visible output of the dye laser was

doubled in an angle-tuned KDP crystal (Inrad Autotracker II), and the resulting

UV light was focused along with the residual visible light into a Raman cell

containing 80 psi of H2 using a 50-cm lens. Light of different Stokes and anti-

Stokes orders leaving the Raman cell was separated using a Pellin-Broca prism.

Pulse energies of 30-80 jxJ were obtained in the fourth anti-Stokes order from

190.1 to 194.8 nm. The beam was collimated, then focused with a 100-cm lens

into a cell containing NO at about 0.1 torr, and ionization spectra were recorded

as the laser wavelength was scanned. Assuming a twice-diffraction-limited

beam, a beam diameter of 1 cm implies that the spot size at the focus was 5 x 10-6

cm-2, in which case the maximum intensity at the focus was 3 x 109 W cm-2.

Spectra over a narrower tuning range were taken using a Lambda-Physik

EMG150MSC laser. The apparatus is diagrammed in Figure 1. ArF was the

lasing medium. The laser had two discharge cavities. One end of the oscillator

cavity had a 3 mm aperture, a set of prism beam expanders, and a diffraction

grating (600 lines/mm, blaze angle 54°06). The tilt of the grating was controlled

by a micrometer turned with a motor controlled by an optical encoder.
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The excimer laser was operated with two arrangements. In the first, the

oscillator beam ran through the amplifier cavity with no optics. The beam was in

that case amplified by the ArF discharge. This was called the "amplified

oscillator" mode. The resulting pulse energy was 1-2 mJ. In the second

arrangement, the oscillator beam was used to injection-seed the amplifier

discharge, which lased on its own with unstable resonator optics. This was the

"locked amplifier" mode. The resulting pulse energy was 100-120 mJ. The

measured bandwidth of the beam was the same in both cases. The advantages of

the locked amplifier mode are increased energy and low divergence (specified to

be 0.3 mrad). The disadvantage of the locked amplifier mode is that the locking

efficiency is unknown. When the amplifier is completely locked, all the photons

in the pulse are within the narrow bandwidth of the laser. At locking efficiencies

less than 100% (e.g., at the edges of the tuning range), some of the photons are

outside of the narrow bandwidth. The total energy of the pulse does not drop

proportionally. Even when the amplifier is completely unlocked the pulse energy

is high. Furthermore, the broadband unlocked beam covers all the transitions in

the spectrum observed. This produces background ionization that increases as

the locking efficiency drops. As a result, in the locked amplifier mode we were

unable to determine the effective number of laser photons at each frequency, and

so were unable to normalize the ion signal for laser energy. (If the dependence of

the background ion signal on the broadband power, and that of an on-resonance

ion signal on the power in a narrow band, is known, then the ratio of the

background ions to the ions generated on a resonance can be used to determine
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the locking efficiency. For instance, if the background is proportional to the total

broadband beam energy and one step of 1 + 1 REMPI on the resonance is

saturated, the locking efficiency is proportional to the ratio of on-resonance ion

signal to off-resonance ion signal.) The amplified oscillator mode has the

advantage that nearly all the photons in the beam are within the narrow bandwidth

of the laser at all frequencies within the tuning range, with the disadvantages of

lower power and greater divergence.

The laser beam, with a wavelength around 193 nm, was propagated

through the air. An iris located just before the cell was used to fix the beam

diameter between 0.5 and 2 mm. The beam passed through a fused silica

window at Brewster's angle into the cell, between two electrodes, and out

another Brewster's angle window. The beam was terminated in a Laser Precision

Rj7200 joulemeter. The power in the cell was determined for the collimated

beams from measurements of the pulse energy at the cell exit and independent

measurements of the transmittance of the cell windows and atmosphere, the pulse

duration, and the beam diameter. Pulse energies at the cell center were typically

100 pJ at the center of the tuning range for the amplified oscillator mode, and

500 i. for the locked amplifier mode. In the locked amplifier mode, the beam

was collimated, with the beam area in the cell 0.02 cm2 . The pulse width was

-10 ns, so that the beam intensity was 3 x 106 W cm-2 . The intensity in the

amplified oscillator mode was <5 x 105 W cm-2 .

NO (99.0% from Liquid Carbonic) flowed through the cell slowly at a

pressure of 70 mtorr. (For the spectrum with the amplified oscillator, 90 mtorr of
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Ar was added.) Pressure was monitored with a 10 torr capacitance manometer.

Subsequent to the cell, the gas passed into a rotary oil pump.

Ions were collected on two parallel aluminum bar electrodes

6 x 6 x 25 mm separated by 2 cm. These were set in a plane containing the laser

beam, and connected to an Ortec 113 preamplifier in the locked amplifier mode,

and to an Ortec 142PC charge-sensitive preamplifier in the amplified oscillator

mode. One electrode was grounded. Bias voltage of 90 V was supplied by a

battery-powered voltage divider. (Much larger signals were obtained by using 1-

10 tort of 5% NO/Ar and increasing the bias voltage until dc breakdown occurred

at -300 V/cm, then dropping the voltage by 10 or 20 V. The width of the lines

did not appreciably increase. Presumably the electrons were multiplied in an

avalanche discharge.) The output from the preamplifier was put into a Stanford

Research SR250 boxcar integrator. The output of the joulemeter was put into

another boxcar channel. The boxcar integrator outputs fed an oscilloscope and a

Hewlett-Packard 7090A ADC and digitizing plotter. The data was shipped to a

DEC VAX for further analysis. This system was sufficiently well calibrated that

absolute numbers of ions collected could be determined to one significant figure.

RESULTS

The spectra obtained are shown in Fig. 2-4. Fig. 2 was obtained with the

Raman-shifted Nd:YAG-pumped dye laser. Lines from the y(3,0), 3(7,0),

3(6,0), and 8(0,0) (C2n (v' = 0) - X2r (v" = 0)), bands are clearly evident. The

width of the lines is 1.3 cm-1. A spectrum was run under similar conditions with
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H2 added to the cell. In addition to the NO lines, the well-known EF-X (6,0)

2 + 1 REMPI lines of H2
1 appeared. The locations of these lines have been

carefully measured, and their previously published energies5 ,6 were used to

determine the energies of a few NO lines nearby. The measured line energies

were compared with the energies predicted using the spectroscopic constants of

Huber and Herzberg.7 The measured energies were found to be greater than the

calculated energies by +0.3 ± 0.4 cm-1. This difference may be due to an ac

Stark shift of the energy levels for the H2 lines used for the calibration. The shift

of the EF(v = 6) levels has been predicted by Srinivasan etal. to be +1.8

MHzIMW cm-2 at 193 mn, 8 which would imply a shift of +0.2 cm-1 in the upper

state of the transition. (The shift in the X state is considerably smaller.)

The power and ion spectrum from the EMG150MSC in the amplified

oscillator mode is shown in Fig. 4. This spectrum was run at a scan speed of

0.09 cm-1/s. The tuning range-defined as the difference between the energies of

the most and least energetic identified lines-is 205 cm-1, from 51560 to 51765

cm-1. Dips in the baseline are due to 02 absorption lines from the Schumann-

Runge (4,0) and (7,1) bands.9 Lines from the 0(7,0) and y(3,0) bands of NO

are apparent. A complete list of the line identifications and measured vacuum

wavenumbers (± 0.5 cm-1) is given in Table I. Several of these lines have not,

to our knowledge, been previously observed. As demonstrated in the next

section, the excitation step was saturated for the IP(7,0) and e(0,1) bands, but the

ionization step was not. This implies that the number of ions detected was

proportional to the pulse energy. The peak output voltage of the preamplifier
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equals the charge collected on the electrodes multiplied by a manufacturer-

specified gain (1.25 x 1012 V/C). We have calculated the number of ions

detected per joule of pulse energy from the ratio of ion channel voltage sion to

pulse energy channel voltage sE:

N 1 sion

E- (1.25 x 1012 )geK SE(1

where E is the pulse energy, g is the gain of the ion channel boxcar integrator,

and K is a measured proportionality constant for the pulse energy channel.

The power and ion spectrum from the EMG15OMSC in the locked

amplifier mode is shown in Fig. 5. It covers 250 cm-1, from 51560 to

51810 cm - 1. It is not known whether the difference at the blue end of the range

between the amplified oscillator and locked amplifier spectra is due to the laser

oscillator losing its alignment, or would persist even under ideal conditions.

Because of irregularities in the linearity of the spectrum, the wavenumber

calibration for this spectrum was not as precise as that for the amplified oscillator

spectrum. Consequently, the line positions could only be determined to within

1 cm-1 . Where these lines are not duplicates of lines found in the amplified

oscillator spectrum, they are listed in Table I. In this case, the peak output

voltage of the preamplifier equals the charge at its input divided by the input

capacitance C (previously measured to be 83 pF). Then the voltage output of the

boxcar integrator, Sion, is related to the number of ions detected by Eq. (2):
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N = Sion C (2)ge

where g is the gain of the boxcar integrator, and e is the charge of an electron.

Fig. 6 shows a small piece of the EMG15OMSC amplified oscillator

spectrum including the y(3,0) SR2 1 33.5 line. A Gaussian fit yields a FWHM

for single isolated lines of 0.24 ± 0.05 cm I (7.2 ± 1.5 GHz). The bandwidth of

the laser was found to be quite sensitive to the precise alignment of the grating.

Over the course of recording a spectrum, the bandwidth sometimes increased.

The bandwidth could always be reduced to the minimum value by readjustment of

the grating.

DISCUSSION

Many factors besides laser bandwidth can affect measured linewidth. We

will evaluate the contributions of various mechanisms to show how the laser

bandwidth can be obtained from the measured linewidth Av. As an example, we

use the P22(28.5) line of the 03(7,0) band in the locked amplifier mode.

The oscillator strength of branches of the 0(7,0) band originating at 2n-3/2 levels

has been calculated 10 as 1.3 x 10"4. The frequency-integrated cross section for

excitation in the P2228.5 line can be evaluated from the band oscillator strength:

e2  S(J',J")

Y(J',J") = M-c f(v',v") 2J"+1 (3)

= 1.7 x 10-6 cm 2 Hz.
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S(Y,J") is the H6nl-London factor11 (S(27.5,28.5) = 27.9). The rate of

absorption at the peak of the line is the product of the cross section ov at the peak

and the photon flux (I. For an inhomogeneously broadened line,

av(J',J") = 2 \-il. a(J'J") (4)

when Av is the measured FWHM linewidth in Hz. As shown above, Av = 7.2

GHz, so for the P22(28.5) line

ov(27.5,28.5) = 2.2 x 10-16 cm 2

M) = 6 x 108s -1

where 0) is the photon flux, 3 x 1024 cm -2 s-1. The rate of stimulated emission

from the excited state equals the rate of absorption from the ground state. In both

modes, stimulated emission was the dominant sink on the excited state population

followed by fluorescence, 12,13 with quenching1 2,13 contributing significantly:

A=3x 106 s-1

ko(NO) = 7 x 105 s-I

aion (D 5 2 x 105 s-1
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where the ionization cross section measured by Rottke and Zacharias 14 at 355 nm

was taken as an upper bound.

Homogeneous line-broadening mechanisms include pressure broadening

(AVp = 0.7 MHz) and lifetime broadening (Av, = 4 MHz). Saturation

broadeningl 5 may be evaluated from these quantities:

Avs =--(AVp)2 + (Avt)2 41-+S (5)

where S is the saturation parameter:

S -( (6)
A + kQ(NO) + aion(

= 150

Saturation broadening increases the homogenous linewidth to 50 MHz in the

locked amplifier mode, considerably less than the Doppler width at room

temperature, AVD = 3.6 GHz. We conclude that saturation broadening is not

significant. The only remaining factor affecting the linewidth is the laser

bandwidth AvL. The measured linewidth is related to the Doppler width and the

laser bandwidth by
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AV = - (AVD)2 + (AVL) 2  (7)

For Av = 7.2 GHz, the laser bandwidth is 6.2 ± 1.8 GHz (0.21

± 0.06 cm-1).

CONCLUSION

We have observed several lines in the 0(7,0) band with J" 24.5, in the

73,0) band with J" _ 31.5, and in the e(0,1) band with J" > 13.5 (along with

several lines we could not identify) that have not been previously reported. Their

energies are in good agreement with predictions based on previously determined

spectroscopic constants. The linewidths have been used to determine the

bandwidth of a tunable ArF excimer laser. This technique can be used to monitor

the wavelength and bandwidth of such a laser.
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TABLE I. ABSORPTION LINES OBSERVED IN THE TUNING RANGE
OF THE ArF LASER.

Identifications are shown when known. Lines from both the
amplified oscillator and the locked amplifier spectra are
included. Calculated line energies were obtained using the
spectroscopic constants of Huber and Herzberg.7

observed calculated

band line /cnr /cm -1

E(0,1) R11 17.5 51558.6 51561.1
E(0,1) SR2 1 13.5 51570.1 51570.1
y(3,0) QI145.5 51572.3 51572.0
y(3,0) SR2 131.5 51575.8 51575.9

51581.1
51581.7

E(0,1) SR2 114.5 51585.5 51585.7
y(3,0) R1138.5 51586.6 51586.5
E(0,1) RI 119.5 51591.1 51590.4
e(0,1) R2222.5 51592.2 51592.5
y(3,0) Q1146.5 51594.4 51593.1

51596.8
y(3,0) SR2 132.5 51599.1 51597.8
e(0,1) SR 2 115.5 51602.2 51602.0

(7,0) P1 131.5 51605.0 51605.5
(7,0) P2229.5 51606.3 51606.5

P(7,0) R1 134.5 51607.6 51608.1
E(0,1) R2223.5 51612.2 51612.2

51616.8
e(0,1) SR2 116.5 51618.9 51619.0
y(3,0) SR2 133.5 51620.1 51620.3
E(0,1) R1121.5 51622.3 51622.3

51623.6
y(3,0) R1140.5 51630.0 51630.0
C(0,1) R2224.5 51630.7 51632.5

51636.2
E(0,1) SR2 1 17.5 51636.6 51636.6

51637.5
c(0, 1) R1122.5 51639.7 51639.2
y(3,0) SR2 134.5 51643.0 51643.5

51647.3
0(7,0) P2228.5 51648.7 51648.3
9 (7,0) P 1 130.5 51649.7 51649.5
(7,0) R1133.5 51651.8 51651.7
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3(7,0) R2231.5 51652.7 51652.3
E(0,1) SR2 1 18.5 51654.4 51654.9
E(0,1) R 1123.5 51655.6 51656.8

51660.2
Y(3,0) SR2135.5 51666.8 51666.9

51670.4
e(0,1) SR2 119.5 51673.5 51673.8
e(0,1) R 1124.5 51674.9 51675.0

51683.5
51686.3

13(7,0) P2227.5 51688.2 51688.4
P(7,0) P 1129.5 51691.9 51691.7

(7,0) R2230.5 51692.8 51692.4
(7,0) R 1132.5 51694.0 51693.9

y(3,0) R1143.5 51699.2 51698.8
51701.0
51704

Y(3,0) SR2137.5 51714.1 51715.1
3,0) R1144.5 51722 51722.7
7,0) P2226.5 51727.0 51727.1

3(7,0) R2229.5 51730 51731.1
3(7,0) P1 128.5 51732 51732.7
3(7,0) P2225.5 51764.6 51764.6

13(7,0) R2228.5 51770 51768.5
(7,0) P1127.5 51773 51772.4
(7,0) P2224.5 51801 51800.7

13(7,0) P 1126.5 51810 51810.7
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FIGURE CAPTIONS

Figure 1. Apparatus diagram for the locked amplifier mode. For the

amplified oscillator mode, 90 mtorr of Ar was added.

Figure 2. 1 + 1 REMPI spectrum of NO using a Nd:YAG-pumped dye
laser. Laser bandwidth, as determined from the linewidths, was

1.3 cm-1 .

Figure 3. 1 + 1 REMPI spectrum of NO using a tunable ArF laser in the

amplified oscillator mode. In this mode, the ion signal can be

normalized by the pulse energy; the vertical axis is ions detected
per joule of pulse energy. Measured linewidth is 0.24

± 0.05 cm -1 (7.2 ± 1.5 GHz). Accounting for the Doppler

broadening, the laser bandwidth is 0.21 ± 0.06 cm -1 (6.2

± 1.8 GHz).

Figure 4. 1 + I REMPI spectrum of NO using a tunable ArF laser in the

locked amplifier mode. In this mode, the lack of information on

locking efficiency precludes pulse energy normalization. The
scale on the horizontal axis is different from that of Fig. 3. The

measured linewidth, and therefore the laser bandwidth, is the

same as that of Fig. 3.

Figure 5. The SR21 33.5 line of the y (3,0) band.
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ABSTRACT

We report the first detection by optical means of highly vibrationally excited H2

X 1E+ (v, = 6 to 11). Vibrationally excited H2 was generated using a recently discovered

hot-wire effect in H2 gas and was detected in 40 bands with 2+1 resonantly enhanced

multiphoton ionization (REMPI) via the EF state (vEF = 0 to 14). Rotational temperatures

are in the range 200-650 K, well below that required for thermal excitation of the observed

vibrational levels.
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It is believed that the main source of H- in hydrogen plasmas is dissociative

attachment to vibrationally excited H2(XI4). 1,2 To examine this, it is desirable to

measure the populations of high vibrational levels of H2(XI4) inside the plasma. While

developing a technique to do this, we have constructed a source of highly vibrationally

excited H2. Using 2+1 resonantly enhanced multiphoton ionization (REMPI) via

vibrational levels of the double-minimum EFI1i state, we have detected H2 (X, vx = 0, 2,

4-11). This is the first report of the detection of H2(X, vx > 6) by optical means, although

previous detection of H2(2<vx!5) has been reported by coherent anti-Stokes

spectroscopy, 3 3+1 REMPI,4 vacuum ultraviolet absorption, 5 and 2+1 REMPI.6.7

The apparatus is diagrammed in Figure 1. Vibrationally excited H2 was generated

using a hot-wire effect discovered recently by Hall i al.8 and Eenshuistra .al.4 in which

H atoms formed by dissociation on a hot wire undergo recombinative desorption on cool

walls. A tantalum wire 23 cm long (initially .38 mm in diameter) was heated with 7.5 A

of dc current at 20 V. The wire was enclosed in a water-cooled stainless steel cylinder 15

cm long and 2.5 cm in diameter. H2 flowed slowly into the cylinder at the base of the

wire. The pressure in the cylinder was 10 mtorr, average residence time of a molecule in

the cylinder was 12 ms, during which it underwent I x 103 collisions with the walls. ,

Attached to the end of the cylinder was a quartz cylinder, 1.5 cm long, with grids at both

ends. The laser beam passed through the quartz cylinder via two 1/8"-diameter holes

drilled in the sides. Surrounding the quartz cylinder was a diffusion-pumped chamber,

where the pressure was -10-2 times that in the cylinder. Coaxial with the cylinder was an

18-cm drift tube for time-of-flight mass separation, ending with an EM1 9642 B electron

multiplier. The electron multiplier cathode, the drift tube, and the two grids attached to the

quartz cylinder were all connected to high voltage supplies. Potentials were adjusted to

give the best mass resolution and narrowest peaks for H+ and H2 ions; typical voltages

were 0 V, -100 V, -500 V, and -2500 V, from the first grid to the cathode. The ion signals
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from the electron multiplier were amplified by a Pacific Instruments 2A50 video amplifier

and fed into boxcar averagers, so that the H+ and H2 peaks could be followed separately.

Tunable laser light was generated by a Nd:YAG-pumped doubled dye laser, the

output of which could be H2-Raman-shifted. The desired wavelength was selected with a

crystalline quartz or Homosil Pellin-Broca prism, and focused with lenses of 20 to 100 cm

focal length into the center of the quartz cylinder. The H+ and H2 signals were recorded as

the wavelength was varied over practically all of the spectral region between 246.8 nm and

286.3 nm, and smaller wavelength intervals around 193, 202, 210, 220, and 232 nm.

At the blue end of the scanned region, the spectrum is relatively simple, composed

only of bands originating from H2(vx < 7). At the red end there is substantial congestion

from 3+1 REMPI bands, originating from H2(vx = 0) and resonant with the B, B', C, and

D states.9-11 (We also detected 3+1 REMPI lines in the H Lyman progression from 285

nm to 274 nm for excitation to n = 5 to 12.) Figure 2 shows a part of the H+ spectrum,

from 264.5 to 266.6 nm, including the 5-9, 8-9, 11-10, and 13-11 bands. (Line

assignments for these bands are from Dabrowski 12 and Senn and Dressier.13) The H+

spectrum is richer and more intense than the H2+ spectrum in this wavelength region. 3+1

REMPI bands originating from H2(X,vx=0) are also identified. (Line assignments for these

bands are from Dabrowski, 12 Monfils, 14 and Narniok. 15) In other spectra, we identified

in 3+1 REMPI the 8-0 Werner (C-X) band and the 14-0, 24-0, and 25-0 Lyman (B-X)

bands.

Table I shows all the bands for which the Q1 line was observed (marked with an

X). Also, all the bands lying within the spectral region scanned for which the location of

the Q1 line was unobscured, but for which it was not observed, are marked with an 0. In

addition, lines of the 7-2, 4-4, 7-7, and 11-8 bands were observed, for a total of 40

observed bands. No bands originating from the highest vibrational levels (12.5x<14) were

observed, presumably due to low populations.
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The density of H2(vx=9), and the sensitivity of the apparatus, can be estimated

using known apparatus parameters. We estimate that 600 ions per pulse struck the plate of

the electron multiplier at the peak of the 8-9 Q1 line. The ion collection efficiency of the

apparatus has been measured at -0.1. From Quanta-Ray specifications we estimate the

doubled dye laser beam to be twice-diffraction-limited, so that with a 35-cm lens the beam

area at the focus was -5 x 10-6 cm2. The photon flux was then -1029 cm-2s-1 . If the peak

two-photon absorption and excited state ionization cross sections are approximately the

same for this band as for the 6-0 band (10-47 cm4s and 10-17 cm2, respectively1 6), both the

two-photon excitation and the excited state ionization steps were saturated. The ionization

volume was approximately 5 x 10-6 cm 3, based on Gaussian beam parameters of a twice-

diffraction-limited beam. These estimates imply that the density of H2(vx--9, J=1) in the

source was -109 cm-3. The signal-to-noise ratio of the 8-9 Q1 line was 100:1, so the

minimum density detectable was -107 cm-3. The ratio of the density of H2(vx--9) to the

density of gas in the cell was 3 x 10-6. This is consistent with the observations of Hall

et aL 8 who estimated the same ratio in their system to be 10-6.

In earlier work, Hall et al. estimated the rotational temperature to be near room

temperature. 8 To determine rotational temperatures from our data, it is necessary to know

the wavelength and rotational state dependence of the two-photon excitation cross section,

the excited state absorption cross section, and the branching ratio for H+ production after

absorption. Recent calculations 17 and previous measurements of J-dependence in REMPI

spectra of H2 (X, vxf=0) 18 19 suggest that the two-photon excitation cross sections are

dependent on J. We have estimated the rotational temperature in the 0-0, 0-2, 9-7, and 5-8

bands, neglecting variations in the quantities listed above. All of the results fall in the range

200-600 K, with all but one temperature clustered around 350 K. The Boltzmann plots

were not very straight, producing standard deviations of about 25% on the temperatures.

However, we conclude that the rotational temperature is well below both the temperature of
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the Ta wire (about 2000 K) and the effective vibrational temperature, consistent with the

results of Hall ealj.

In summary, we have detected H2 in ground electronic state vibrational levels vx=O,

2, and 4 to 11 by 2+1 REMPI. This was the first detection of H2 (vx>6) by optical

means. We are capable of detecting densities of H2(vx--9) as low as 107 cm- 3. Rotational

temperatures of these bands were considerably lower than either the Ta wire temperature or

the effective vibrational temperature.
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Table I. EF-X bands observed by 2+1 REMPI. Bands for which the Q1 line was

observed are marked with an X. Bands within the spectral region scanned whose Q1 lines

were unobstructed but not observed are marked with an 0.

vx 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

VEF
0 X X X 0
1 0 0 0 X X
2 X X X
3 X X X X 0
4 0 0 X X 0
5 0 X X X
6 X 0 X XX X 0
7 0 X x 0
8 0 X X X
9 X X 0 0
10 O X 0 00
11 O X 0 0
12 00 0 X 0 00
13 0 0 X 0 0
14 0 X 0
15 0 0 0 0 0 0
16 0 0 0
17 0 0 X
18 0 0 0 0 0
19 0 0 0 0
20 0 0 0

VGK
0 0 0
1 0
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FIGURE CAPTIONS

Figure 1. Apparatus diagram.

Figure 2. 2+1 EF-X REMPI spectrum of vibrationally excited H2 . All identified lines

are in Q-branches, unless otherwise marked.
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CALCULATION OF TWO-PHOTON PHOTOABSORPTION CROSS
SECTIONS FOR X - E, F TRANSITIONS FROM H2(v)

To determine vibrational temperatures from two-photon spectra (either REMPI or LI), we

need to know the two-photon excitation cross section for the relevant line. Because of the

difficulties of measuring multiphoton cross sections accurately, few are available. We published

our measurement of the two-photon cross section for excitation in the Q(1) line of the 6-0 band

from the X state to the EF state (Appendix A). Our measurement agreed reasonably well with the

theoretical calculation of this cross section. Measurements of cross sections for excitation from

higher vibrational levels using the same technique will be difficult, because the population of the

lower level must be known. (We believe we have a method for accomplishing this task, however,

on the basis of saturation of the excitation.)

In lieu of measured cross sections, we to asked Dr. Winifred Huo of NASA Ames

Research Center, who had calculated the absolute two-photon cross section we measured

(Appendix A), to calculate the two-photon cross sections for the Q(J) for J = 0 and 1 lines in all the

bands that we might reasonably expect to cover, originating from vibrationally excited levels in the

X state. She recently completed the calculation, including all the bands originating from V" = 0 to

14 in the X state and terminating at v' = 0 to 14 in the EF state. Because this work has not yet

been published, it will be described here in more detail.

The procedure is similar to that of Huo and Jaffe. 1 Electronic wavefunctions were

calculated at the nearly full configuration ihteraction (CI) level using a Slater basis set of 20, 14 n

functions. Vibrational wavefunctions in all relevant states were obtained from numerical solutions

of the one-dimensional Schrodinger equation. The potential energies used for the X 1- and EF
I4 states were taken from Kolos and Wolniewicz2 and Wolniewicz and Dressier.3 Two

approaches were used in the treatment of the potentials of the intermediate states.

The potential energies of the B i + and C 1Fl states were obtained from Wolniewicz and

Dressler3 and Kolos and Wolniewicz,4 supplemented at large internuclear distances by CI results

from Huo and Jaffe. 1 The potentials for the B' 14 and D I-lu states were taken from a Rydberg-

Klein-Rees analysis of spectroscopic data by Sharp,5 also supplemented at large internuclear

distance by results from Huo and Jaffe. 1 Contributions to the two-photon amplitudes from the

higher states were smaller. Vibrational wavefunctions of the intermediate states were neglected so

that contributions of the higher states could be estimated.

1 i i I U all nlm ~ i nnnml He



Amplitudes were evaluated using only the electronic wavefunctions at each internuclear

distance, then integrated over the vibrational wavefunctions of the X and EF states. The photon-

energy dependence of these higher states' contributions was determined for the EF (v' = 6) - X (v"

= 0) transition only; the energy transition amplitudes were guaranteed by forcing the vibronic

wavefunctions to satisfy the off-diagonal S(0) and S(-1) sum rdes described by Huo and Jaffe1

and Dalgarno and Epstein.6

The calculated cross sections for the Q(1) lines are shown in Table 1. We detected many of

these lines in our two-photon MPI spectra of vibrationally excited H2. Although our experimental

data contained contributions from other J levels, we limited our identification and verification

efforts to J = 1 lines to maximize our efficiency of comparison with the calculations. The Q(1)

lines we detected are underlined in Table 1; the lines that were in our tuning range but not observed

are in parentheses. The lines separate the bands according to the Raman order used for the

generation of laser radiation for the detection. This is an indication of the laser power available for

excitation, which decreases exponentially with increasing order. The correlation between the
magnitudes of the cross sections and the observations is good, taking into account pulse power and

level population. All the bands originating from a given v" with cross sections above the smallest

one for an observed band are also expected to be observed. These characteristics hold for almost

all the observations.

The v" = 6 - v' = 2 band is anomalous: the calculated cross section predicts

nonobservability. Although the predicted locations of this line agreed very well with its location,

there is always the possibility of an error. Otherwise the explanation must lie in some unpredicted

perturbation. Other than that one line, only bands originating from v'= 10 and 11, which are more

subject to theoretical error, fail to show the expected pattern. It would be interesting to measure the

cross sections for the anomalous bands to reconcile the experimental observations and theoretical

calculations.
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STIMULATED-EMISSION PUMPING OF HYDROGEN

In our efforts to make a source of highly vibrationally excited H2, we explored a technique

based on stimulated-emission pumping of H2 through the EF state. We were unable to detect any

vibrationally excited H2 x14 in these experiments and so turned to the approach described in

Appendix C. However, the results of these experiments were quite interesting, and we believe this

is potentially a powerful method for studying the dynamics of highly vibrationally excited H2 .

Further experiments using this technique are currently being planned, and proposals for them will

be submitted in the future. Here we will describe the experiments we performed, explain why we

believe vibrationally excited H2 X was not observed, and suggest ways to overcome the problems.

Stimulated emission in the ir EF-B bands and vacuum uv B-X and C-X bands after

population of the EF(v = 6) level by two-photon absorption from an ArF laser beam was first

observed in 1983 by the Rhodes group at the University of Illinois at Chicago. 1 The laser system
they used for excitation was a special device, producing 20 mJ in 10-ps pulses. However, in

1988, Dr. H. F. D6bele and coworkers at the University of Essen2 observed stimulated emission

in both EF-B and B-X bands using a commercial narrow-band ArF laser of the same make as ours.

When we learned of this development at a seminar given by Dr. D6bele at SRI, we perceived the

possibility of using this technique to create highly vibrationally excited H2 1- because B -- X

transitions favor those to high v" final states. We quickly set up an experiment and immediately

observed stimulated emission in the EF-B bands. From the intensity of the EF-B emission, we

estimated that 4% of the H2 (X) was being pumped through the EF-B transition. To obtain a flux

of red photons high enough to stimulate the EF-B transition, we had to use a high pressure of H2;

the maximum pumping rate occurred at 300 torr of H2. This result implies that a high density of
H2 was passing through the B state. We did not look for stimulated emission in the vacuum

ultraviolet. However, H2 in the B state fluoresces quickly so that quenching is not significant,

even at this pressure. We expected, therefore, that even if the B-X transition did not become
stimulated, a substantial density of H2 would radiate into the high vibrational levels of the X state.

There has been an intensive effort to discover the rates for collisional relaxation from high

vibrational levels of H2 (X). Measurements 3 have not extended above v = 2, but extensive

theoretical calculations have been done.4 From those calculations, we estimated that a substantial

population of H2 (v = 8) should have been created, with a decay time of about 30 ns. Considering

the large density of H2 (v = 8) created, we expected to be able to detect this level using two-photon
LIF through the EF state. Furthermore, we expected that most of the vibrationally excited H2
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would cascade down through the vibrational levels via V-T relaxation, so that at longer time scales

it would be possible to observe populations in each of the levels down to v = 1. We were,

however, unable to detect any vibrationally excited H2 in the X state. Next we explored the

possibility that the excited population was lost by V-T relaxation by the H2 gas. We therefore ran

the experiment at H2 pressures down from 500 torr to 500 mtorr but still observed no excited state

population.

After an analysis of the experiments described alone, it now seems likely that the main fault

in the low-pressure experiments was an extensive depletion of the EF population by

photoexcitation of the EF state to higher levels, because at low pressures the flux of red photons

from the EF-B bands is not enough to make stimulated emission competitive with ionization. This

problem could be remedied by supplying red photons with a laser, tuned to either 750 or 830 nm.

(This tuning range is available from dye lasers and also from the new Ti:sapphire lasers.) The

excitation cross section was measured during this project; it is 6 x 10- 18 cm2 at 193 rum. With an

ArF laser pulse energy of 50 mJ, the rate of excitation is then 4 x 1010 S- 1. The integrated

stimulated-emission cross section for the EF-B transition can be obtained from the known

transition moment;6 it is 1.4 x 10-3 cm 2 Hz. If we assume the lines are Doppler-broadened, the

spectral cross section for stimulated emission is 4.4 x 10-13 cm2 . This photon flux at 830 nm

required for stimulated emission to match excitation is 9 x 1022 cu- 2 s-1. A typical dye laser,

producing 10 mJ at 830 nm in a 3-mm-diameter pulse of 10 ns duration, has a photon flux of

6 x 1025 cm 2 s-1, easily enough to stimulate the downward transition to the B state and thus

overcome the upward excitation loss.

In the high pressure experiments, it is likely that the main problem was 2+1 multiphoton

ionization of the H2 (X, v = 8) by the probe laser used to produce LIF. It might be possible to

overcome this problem simply by using a less tightly focused probe laser. It is difficult to detect

ions in this experiment, because many are formed by the excimer laser pulse; but it might be

possible to detect those ions also.
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Laser-based detection of highly vibrationally excited H2 for plasma diagnostics
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ABSTRACT

It has been suggested that the main source of H- in hydrogen plasmas is dissociative attachment to H2(v>4). In
order to test models that include this process, it is necessary to measure the populations of the relevant vibrational levels
inside the plasma. We have constructed a source of vibrationally excited H2 using a recently discovered hot-wire effect.
Using 2+1 resonantly enhanced multiphoton ionization (REMOPI) through the EF state, we have detected H2 in 27 bands from
X(v"-4- 11) to EF(v'=O-14). Rotational temperatures appear to be 300-800 K, well below that required for thermal excitation
of the observed vibrational levels. The population of vibrational levels appears to fall off dramatically between v"=9 and 10.

1. INTRODUCTION

The main source of H- in hydrogen plasmas is believed to be dissociative attachment to vibrationally excited
H2 (X1 2). 1.2 To examine this. it is necessary to measure the populations of high vibrational levels of H2(XIl) inside the
plasma. in the course of developing a technique to do this, we have constructed a source of highly vibrationally excited H2.
Using 2+1 REMPI, via vibrational levels of the EFIL state, we have already detected H2 (X, v" = 4-11). 3 This is the first

report of the detection of H2 (X, v" > 5) by optical means.

2. EXPERIMENTAL
Freq

Raman Shifter Dbler Vibrationally excited H2 was generated using a hot-,uye .. wire effect discovered recently by Hall et a. 4 and
Eenshuistra et al.5 The apparatus is diagrammed in Figure
1. A tantalum wire 23 cm long (initially .38 mm in

Nd:YAG Laser diameter) was heated with 7.5 A of dc current at 20 V. The
2 H Source wire was enclosed in a water-cooled stainless steel cylinder

H2 M Sou15 cm long and 2.5 cm in diameter. H2 flowed slowly into
the cylinder at the base of the wire. The pressure in the

iffusioni cylinder was 10 mtorr. At the end of the cylinder, a quartz
Pump..... . cylinder 1.5 cm long was attached, with grids at both ends.

The laser beam passed through the quartz cylinder via two
Ta ,  /8-diameter holes drilled in the sides. Surrounding the

Wrire quartz cylinder was a diffusion-pumped chamber. When the
pressure in the cylinder was 10 mtorr, the pressure in the
chamber was 100 WUorr. Coaxial with the cylinder was a

Power drift tube, ending with an EMI 9642 B electron multiplier.
Motor PThe electron multiplier cathode, the drift tube, and the two

grids attached to the quartz cylinder were all connected to
high voltage supplies. Potentials were adjusted to give the
best mass resolution and narrowest peaks for H+ and HJ
ions. Typical voltages were 0 V, -100 V. -500 V, and

Figure 1. Apparatus diagram. - 2500 V, from the first grid to the cathode. Signals from

SPIE Vol i .Jicrowave and Particle Beam Sources and Directed Energy Concepts (1989) / 617
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the electron multiplier were amplified and peaks of
masses I and 2 amu were followed separately with boxc
ar averagesTunable laser light was generated by a doubled
dye laser, pumped by a Nd:YAG laser producing either 355

20 .5-8 nm or 532 nm lighL The tuning range of the doubled dye
0 ,8.9 laser was extended with an H2 Raman shifter. The desired

wavelength was selected with a crystalline quartz or Homosil
>15 Pellin-Broca prism, and focused with lenses of 20 to 100 cm

1-10 13-11 ... . focal length into the center of the quartz cylinder. Scans

Z over most of the spectral region between 230 nm and 285
W10 nm were performed.
Z 3. RESU.LTS

- 5 At the blue end of the scanned region, the spectrum

is relatively simple, composed only of bands originating

0 _from 
H2 (X,v" < 7). At the red end there is substantial

264.5 266.6 congestion from 3+1 MPI bands, originating from H(X, v"
EXCITATION WAVELENGTH (nm) = 0) and resonant with the B, B', C, and D states. 6 ' (We

E TTN VE T ( have also detected strong 3+1 REMPI lines in the H Lyman

progression from 285 nm to 274 nm for excitation to n = 5
to 12.) Figure 2 shows a part of the H+ spectrum, from
264.5 to 266.6 nm, including the 5-8, 8-9, 11-10, and 13-11
bands. The H+ spectrum is richer and more intense than the

Figure 2. 2+1 EF--X REMPI spectrum of vibrationally HI spectrum in this wavelength region. Table 1 shows all
excited H2 . All identified lines are in Q-branches. Line the 2+1 bands observed (marked with an X) and all the bands
assignments for the EF+-X bands are from Dabrowski1 1 and lying within the spectral region scanned that were not
Senn and.Dressler. 12  observed (marked with an 0). For v"56, only bands

terminating at inner-well E state vibrational levels (v' = 0, 3
or 6) were observed. For 7 < v" :< 9, bands terminating at

vx 4 5 6 7 8 9101112 EF levels that are primarily E-state (v' = 3,6,9), and
primarily F state (v' = 1,2,4,5,7, 8) were both
observed. Finally, for v" > 10 pairs of bands terminating

vEF at adjacent large v' were observed. This pattern is likely to
0 X 0 0 be primarily due to variations in the overlap of the
10 0 0 X X vibrational wavefunctions of the X and EF states.
2 0 X X
3 X X X X 0 The two-photon absorption cross section for the
4 0 X X 0 EF.-X transition has been measured and calculated9 for the
5 X X X 0 6-0 band. Experiments and theory agree quite well.
6 X X 0 0 However, cross sections for hot bands have not yet been
7 X X 0 0 measured or calculated. Assuming that the two-photon
8 0 X X X 0 0 0 excitation cross sections, the excited state absorption cross
9 X X 0 0 0 section and the branching ratio for H+ production after

10 X 0 0 absorption are the same for all the rotational lines within a
11 X 0 0 given band, a rotational temperature can be found from a
12 0 0 0 0 Boltzmann plot. The resulting temperatures range from
13 0 X 0 300 to 800 K. A strong dependence of the cross sections and
14 0 X 0 branching ratios on the rotational energy is necessary to

raise the estimated rotational temperature to near the
Table 1. EF*--X bands observed by 2+1 REMPl. Observed temperature of the Ta wire (about 2000 K) or to the effective
bands are indicated by an X. Bands within the spectral vibrational temperature. This is unlikely. A rotational
region scanned that were not observed are indicated by an 0. temperature well below the other two temperatures is

consistent with earlier findings. 4 . 10
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In order to deduce the vibrational level populations, it is necessary to know the cross sections and branching ratios
referred to above. Lacking these, we have estimated vibrational level populations from band intensities. Qualitatively, the
strongest bands originating from v" = 10 and II are considerably weaker than the strongest band originating from v" = 9.
Hall et al.4 reported that populations in 6 5 v" < 9 dropped by a factor of about three for each increase in the vibrational
quantum number of one. (Since their detections ystem was tuned for H- ions with no kinetic energy, they could not detect
any level higher than v" = 9.) Our observations are qualitatively in accord with theirs for v" < 9. However, we observed that
the vibrational level population drops off considerably more dramatically between v" = 9 and v" = 10. This could be because
of an increased electron attachment rate. We have not measured the electron density in the source, but the dc polarity of the
Ta wire with respect to the case did not affect the spectra; neither did striking a discharge in the source. However, there is
likely to be some thermionic emission, limited by space charge effects. It is also possible that the production mechanism for
the vibrationally excited H2 favors the production of H2 (X, v" < 9).

The number of ions detected can be estimated from known apparatus parameters. We estimate the density of H2 (X,
v" = 9) to be -109 cm- 3 . This is consistent with Hall et al. 4 who estimated the density of H2 (X, v" = 9) to be 3 x 109
cm -3 in a similar source.

4. CONCLUSION

In summary, we have detected by 2+1 REMPI H2 in X-state vibrational levels from v" = 4 to 11. The source was a
hot Ta wire in a stainless steel cylinder with 10 mtorr H2 flowing slowly. The rotational temperature was considerably less
than either the wire temperature or the effective vibrational temperature. The vibrational level population dropped off
dramatically between v" = 9 and 10.

Using this source, we will measure two-photon excitation cross sections for the EF 1 V+ +- XlY.+ transition. Wea 9
will then be able to assess the comparative merits of remote detection of vibrationally excited H2 by laser-induced
fluorescence, detecting either infrared emission in the EF-*B bands, or vacuum UV emission in the B-X bands.
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