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Efficient Laser Production of a Na+ Ground-State Plasma Column: Absorption Spectroscopy
and Photoionization Measurement of Na+f
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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
2s 2P 2s 2P ns and nd, and several autoionizing resonances of the type 2s 2p6 2s2penp
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%%uo) 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, ' &-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.

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, 3 S»,- 3'P», 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 windo
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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TABLE I. Na 2p 2p ns, nd series higher members. TABLE . II. Lowest-lying autoionizing resonances in-
volving excitations of the 1. electron in Na+.

Classification
) (nm)
Ref. 13

+ o.oo5
this work

a
n

27.52185d[1/2] 27.524 4.93

3/2 d[3/ ]1
P

/
6s[3/2] 27 4931

3/2 1

t1/2 5d [3/2 1 27.4023

2
27.402

P
/

6s[1/2]11/2
4.98

2P 6d[1/2]3/2
27.1373

P 6d[3/2] 27.0947
3/2 1

P
/

6d [3/2]1/2
26.997 5.95

P3 7d[3/2]13/2
26.888

2 7d[3/2]1 26. 761

P 8d [3/2]3/2 1
26. 706

P
/

Bd[3/2]1/2
7.98

2
P3/2 9d[3/2]1b 26. 606

P 10d[3/2]1/2 1
26. 530

P3/ 9d [3/2] 13/2
26.508

P lid[3/2]3/2 1
10.93

P 12d[3/2]3/2 1
11.92

P lod[3/2]1/2 1
9.93

1/211d[3/2] 26. 381
2

1/212d[3/2]1 26.339
2 c
P1/ 13d[3/2] 26.306

These effective quantum numbers are calculated as-
suming the limits 2p P3/2 at 381890 cm and 2p "P«,
at 882754 cm ~ as given in Ref. 13.

"The classification given represents the stronger
component of a blend of P&~2nd[2]& and P3/2(@+1)s[g]~.

The stronger component of a blend of Pf/2n&[&]~
and P$/2(n+ 1)s I2]$

d Unresolved blend of bracketed lines.

4.97
27.501

4.98

4.96

27.3940

5.83

5.9727.096

26.9993

6.96

6.95

7.95

8.91

9.92

8.93

26. 476

26.434

10.90

11.92

12.96

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-

A, + 0.005
(nm)
Expt.

hp

(eV)
(nm)

Classification n*a Theory

17.724
16.492
16.066
15..867
15.755
15.688

69.95
75.18
77.17
78.14
78.70
79.04

2s2p' Sp 'I
2s2P 4P P
2s2p65p P
2s 2p' 6p'P
2s2p 7p P
2s 2p6 8piP

2 ~82

8 +88

4.82
5.28
6.24
7.17

17.69
16.49

These effective quantum numbers are calculated as-
suming the limit 2s2p S&/2 at 645977 cm as given in
Ref. 16.

Calculation by A. Weiss, private communication.

where all quantities are in mksa units, Ã is the
atomic density, I the intensity (watts per s(luare
meter), l 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 Sp —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.

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 'P levels.
(One A. =589.6-nm photon does not have enough en-
ergy to ionize from the Sp'P 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 I-MW/cm' inten-
sity level to explain our results. " A more likely
possibility is the promotion of atoms from the Sp
to 4p level by stimulated Raman scattering" and
subse(luent single-photon ionization out of the 4p
or 4s states. The gain for such a process assum-
ing a single dominant intermediate level (4d 'D)
is given by the formula

Ne'v +»«f~« Il
32m e, hc me v»«v««(v»« —vz) I"» '2
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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*(SP) 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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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
optica1 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-

crate 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 a11 eases reported to date, third-or-
der and occasionally odd-higher-order4 nonlinear-
ities of the vapors are always responsible for the
observed effects. The second-order nonlinear


