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We report the first observation of ionization of dense Na vapor by laser radiation. A
1-MW pulsed laser at 589.6 nm produced almost complete ionization of a 10-Torr-cm col-
umn of Na. Measurements of the Na* photoionization cross section, the neonlike series
2522p%—+2529p s and nd, and several autoionizing resonances of the type Zszng-—-232p6np
were obtained using a spark source to provide the continuum background for absorption

spectroscopy of the ion.

The advent of high-power tunable lasers has re-
cently made possible experiments in which large
numbers of selectively excited atoms are pro-
duced and studied. Such laser-pumped excitation
has been used to observe the absorption spectrum
including autoionizing features and photoioniza-
tion from 4s4p °P levels of Ca,' the 3s3p 'P level
of Mg,? and the 6s5d °D levels of Ba.®* The experi-
ment reported here demonstrates that the high
spectral intensity of a 1-MW pulsed laser tuned
to an atomic resonance line can also efficiently
ionize a large number of atoms, a result which is
quite surprising at the laser beam intensities
used. We have utilized the dense low-tempera-
ture plasma created by the laser in a new spec-
troscopic technique for the study of singly ionized
sodium. We first present the spectral observa-
tions made on Na* and then some discussion of
the possible ionization mechanisms based on these
observations.

In the present experiment a determinable frac-
tion (which can be made close to 100%) of a known
amount of sodium contained in a heat-pipe oven is
transferred from the neutral ground state to the
ion ground state by the laser, thus providing an
ion source highly suitable for quantitative absorp-
tion spectroscopy. Absorption spectroscopy of
ions has been performed in the past using shock
tubes,* flash photolysis,® Z-pinch plasmas,’ laser-
produced plasmas,” and spark-produced plasmas®
as sources of ions. These sources generally do
not produce sufficient density to allow observa-
tion of photoionization continua, and only the
shock tube and Z-pinch sources offer the possi-
bility of quantifying the number of absorbing ions.
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The only previous absolute measurement of con-
tinuum photoabsorption, the measurement of a
single point in the spectrum of Xe*, was made
with a shock tube and was not extended to obser-
vations of the extended spectrum.® Most of these
ion sources are hot plasmas with large emission
intensities requiring extraordinary efforts to ob-
tain absorption spectra.

The output of a flashlamp-pumped dye laser
tuned to the A =589.6-nm, 32%S,,,- 3P, ,, transition
was made to traverse a sodium heat-pipe oven
containing about 10 cm of sodium vapor between
two plugs of helium buffer gas, all at about 1
Torr pressure (see Fig. 1). In order to observe
the vacuum uv absorption spectrum of the laser-
irradiated sodium, the oven was mounted directly
in front of a 3-m grazing-incidence spectrograph.
The vacuum uv continuum from a Ballofet-Ro-
mand-Vodar (BRV) type vacuum spark'® was re-
flected by a toroidal focusing mirror and trans-
mitted through a set of capillary-array windows!*
separating the vacuum of the spark chamber from
the heat-pipe oven. A small dielectric mirror
mounted adjacent to the slit allowed almost col-
linear illumination of the sodium by both the laser
and the vacuum uv.

Spectrograms of the region from 15 to 42 nm
were taken under the same heat-pipe-oven operat-
ing conditions both with and without the laser.
Figure 2(a) shows a typical densitometer trace
of the neutral-sodium absorption (i.e., laser off)
between 26 and 34 nm. The previously determined
absolute photoionization cross section shows a
rapid increase near the sodium L, ; edge at 32.23
nm, going from approximately 0.5 to 8.5 Mb.*?
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FIG. 1. Experimental layout.

This cross section difference is indicated on the
figure as the distance between the dashed line,
which represents the continuum absorption of the
helium buffer gas, and the peak Na absorption oc-
curring near 32.21 nm. The spectrogram repre-
sented in Fig. 2(b) was taken with the laser firing
about 500 nsec before the BRV continuum, with
an energy of about 300 mJ in a 500-nsec pulse.
The neutral-sodium absorption features at 32.2
nm are barely observable above the photographic
grain noise. The column density of neutral sodi-
um of about 10" cm™ 2 in Fig. 2(a) is reduced to
less than 15% of that amount in Fig. 2(b). The
residual neutral absorption features in Fig. 2(b)
may stem from the occasional laser misfirings
occurring among the 100 shots needed for an ex-
posure, while the real percentage ionization right
after a properly fired laser pulse is close to
100%.

(a) —J— Instrumental Resolution
=
=
2 VR 'y
= T —— o o 2p5 2P *
2 —3dyé4s— T T U_LALE
< T T I
=11 3 205 2Py
= .
E I
= w | JW \

L 1 L 1 1 L L 1 L 1 1 ° 1 L L L

WAVELENGTH (nm)

FIG. 2. (a) Absorption of neutral sodium. Emission
features marked with solid dots are from the BRV
source. Dashed line is background He absorption.

(b) Absorption of laser-irradiated sodium. Solid squares
mark persisting netural-Na features. Bar graph above
Na* absorption lines designates series members and
limits.

The sharp absorption lines seen in Fig. 2(b) be-
ginning at 30.143 nm and extending to the Na**
2p°%P,,,, 1, limits are members of the 2p°ns and
2p°ns and 2p°nd series in Na®. Table I lists the
wavelength values for the higher-lying lines ob-
served in the present experiment compared with
a previous experiment in which an emission spec~
trum was observed.’® Considerable Stark broad-
ening by the plasma is observed in the lines above
n =6, giving the lines a larger equivalent width
and contributing to their apparent increase in
strength..

The onset of the Na* continuum at the 2p°2P,, ./,
limits may be clearly seen in Fig. 2(b). To de-
rive a measurement of the near-threshold photo-
ionization cross section, o(Na" -~ Na**), from this
photographic data, we used a technique which ex-
ploited the previously measured Na photoabsorp-
tion'? and the He autoionizing resonance profile**
to calibrate the photographic plates and to deter-
mine the He and neutral-Na column densities.
The value of o(Na*~ Na**) was then derived by
assuming that the laser-created plasma contained
90% Na' and by comparing the photographic densi-
ty change near the 2p°2P limits with that in the
vicinity of the He 20.621-nm resonance. The re-
sult is o(Na* -~ Na**) =5,5+ 2.5 Mb, which com-
pares well with the recent calculations of Reil-
man, Msezane, and Manson, who obtain a value
of 7.3 Mb.*®

Before using the assumption that all of the de-
crease in the ground-state neutral population was
transferred into the Na® ground state, we care-
fully checked several plates in the range 44~ 13
nm for absorption features of Na* or Na,”. The
only other features observed were the Na* 2s2p%np
resonances listed in Table II. We did not observe
any Na* 3p 2P absorption, which is expected to
have some strong resonance features around 38.5
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TABLE I. Na* 2p®—~2p%s,nd series higher members.

A (nm) A(nm) + 0.005 2
Classification Ref. 13 this work n
2P3/2 saf1/21; 27.5218 27.524 4.93
2
;3/2 :d[3/2]l 27.5003 %27~501d 4.97
3/2 s[3/2]l 27.4931 4.98
2 sa[3/2] 27.4023 4.96
2P1/2 65[1/211 27.3940 %27'402‘1 4.98
1/2 1
2P3/2 6d[1/2], 27.1373 — 5.83
21’3/2 6a[3/21 > 27.0947 27.096 5.97
ZPl/Z 6d[3/21,° 26.9993 26.997 5.95
2P3/2 7d13/21, 26.888 6.96
2171/2 7a[3/2],° 26.761 6.95
2P3/2 8a[3/2] P 26.706 7.95
2P1/2 8d3/21," 7.98
%, ,, 9a03/2]° 26.606 8.91
2P1/210d[3/2]1b 26.530 9.92
2P3/2 9d13/21,° 26.508 8.93
2P3/211d[3/2]lb 26.476 10.93
21’3/212<1[3/2]l" 11.92
2171/210(1[3/2]1C 26.434 9.93
2P1/211d[3/2]1° 26. 381 10.90
291/212¢1[3/211c 26.339 11.92
21’1/213d[3/211C 26. 306 12.96

3These effective quantum numbers are calculated as-
suming the limits 2p°?P;/, at 381390 cm™ ! and 2p°*Py/,
at 382754 cm™! as given in Ref. 13.

bThe classification given represents the stronger
component of a blend of 2P, /nd[3]; and p, /2n+1)s 3.

©The stronger component of a blend of Py /md[3]
and 2Py, y(n +Dsl}]y

dyUnresolved blend of bracketed lines.

nm, or any Na,” inner-shell excitation which
should occur in the wavelength range scrutinized.
The mechanism for production of the ions is
presently not understood. At approximately 1
MW/cm?, the intensity used in the experiment,
the vapor transmission of the 589.6-nm (band-
width 0.05 nm) radiation is about 10%. The low-
intensity optical thickness of the sodium vapor is
10° in line center and 10% in the wings of the laser
line so that 10% transmission indicates either sat-
uration of the 3s - 3p transition or almost com-
plete depletion of the neutral-sodium ground
state. Since the predicted strong absorption lines
from Na*(3p) were entirely absent from the spec-
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TABLE. II. Lowest-lying autoionizing resonances in-
volving excitations of the L electron in Na*.

A£0.005 A
(nm) hy (nm)
Expt. (eV) Classification  n*® Theory?
17.724 69.95 2s2p83p 1P 2.32  17.69
16.492 75.18 2s2pf4p Ip 3.33  16.49
16.066 77.17 252p%5pip 4.32 oy
15.867 78.14 2s2pb6plp 5.28 coe
15.755 78.70 2s2p8 7plp 6.24 ces
15.688 79.04 252p°8plp 7.17 oo

2These effective quantum numbers are calculated as-
suming the limit 2s2p%2S;/, at 645977 cm™! as given in
Ref. 16.

bCalculation by A. Weiss, private communication.

tra, the transmission is probably an indication of
complete ionization. One possibility is that the
laser is producing two-photon photoionization
from large numbers of laser-pumped 3p 2P levels.
(One X =589.6-nm photon does not have enough en-
ergy to ionize from the 3p 2P levels.) However,
an experiment which looked for such resonant
three-photon, two-step ionization in an atomic
sodium beam showed that the process has much
too low a production rate at the 1-MW/cm? inten-
sity level to explain our results.’” A more likely
possibility is the promotion of atoms from the 3p
to 4p level by stimulated Raman scattering'® and
subsequent single-photon ionization out of the 4p
or 4s states. The gain for such a process assum-
ing a single dominant intermediate level (44 D)

is given by the formula

g= Ne4VRf;iﬂjgf4P4d Il
3213€ 2 ne®me ™ pusV ap 4aWapaa = Vi) Tap

where all quantities are in mksa units, N is the
atomic density, I the intensity (watts per square
meter), I the length of the vapor, and I',, the
width of the 4p %P levels. (Actually, this expres-
sion ignores the contribution from the 5s inter-
mediate state which will change the value for g
somewhat.) In our case the calculated value for
the 3p = 4p transfer by stimulated Raman scatter-
ing turns out to be 15% with sufficient uncertainty
to warrant its further consideration as the first
step in the mechanism observed. The second
step, photoionization out of the 4p or 4s states,
must have a cross section greater than 10! em
in order for the proposed two-step mechanism to
be a viable explanation for the observed ion pro-
duction.
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There are two collisional processes which can
also produce the ionization observed. Direct col-
lisional excitation of the form Na*(3p) + Na*(3p)

-~ Na*(5s) +Na(3s) followed by photoionization of
the Na*(5s) is energetically possible but unlikely
to have a cross section large enough (> 10™*® cm?)
to explain the amount of ionization observed in the
experiment because the energies are off reso-
nance by a relatively large amount (700 cm™'). A
more promising possibility is that of collisionally
induced radiative transitions.’® In this case the
ionization would occur as a photon absorption dur-
ing the collision of two Na*(3p) atoms resulting

in Na*(3p) + Na*(3p) +hv = Na(3s) + Na*(2p°) + e.

The process is closely related to the work of Li-
dow et al. on collision-induced transitions be-
tween discrete levels.®
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Optical Quadrupole Sum-Frequency Generation in Sodium Vapor
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We show that second-order coherent sum-frequency generation via quadrupole transi-
tions in metal vapors can be easily detected. The process is as strong as the allowed
third-order processes. Our experimental results agree very well with theoretical pre-

dictions.

Nonlinear optical effects in atomic vapors have
recently been studied quite extensively.!™* Be-
cause of their large resonant nonlinear suscepti-
bilities, wide ranges of transparency, and high
optical breakdown thresholds, atomic vapors are
excellent nonlinear media for generation of new
coherent radiation. Thus, in atomic vapors,
third-harmonic generation has been used to gen-

erate vacuum uv radiation, four-wave mixing has
been used to generate tunable vacuum uv and in-
frared,? and stimulated Raman scattering has
been used to generate tunable infrared.® Never-
theless, in all cases reported to date, third-or-
der and occasionally odd-higher-order* nonlinear-
ities of the vapors are always responsible for the
observed effects. The second-order nonlinear
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