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Measurement of Resonance Fluorescence in a Laser-Produced A1 XII Plasma
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We demonstrate radiative resonant pumping using two spatially distinct laser-produced aluminum
plasmas. An embedded microdot was irradiated to prepare a plasma that was predominantly in the
Alxll 1 tSo ground state. This plasma was then pumped by a photon flux at 7.757 A, the wavelength of
the 1'So-2'Pl transition. The absolute measurement of the resulting fluorescent signal was = 1.5X10"
photon s/sr.

PACS numbers: 52.25.Nr, 52.40.Nk, 52.50.Jm

Spectroscopy is an essential tool in the study of laser-
produced plasmas. Initially, the identification of ion
species was used to estimate plasma temperatures.
Then, the analysis of emission spectra was refined to en-
able detailed measurements of temperature and densi-
ty. ' More recently, absorption techniques have been
developed so that the experimenter can probe the plasma
as well as passively observe it. However, for plasmas
that are significantly affected by radiative transfer, these
techniques alone do not give enough information to fully
interpret the spectra.

A promising next step for plasma spectroscopy is the
study of fiuorescence resulting from a radiative pump.
First, photopumping has never been directly observed or
studied in the x-ray regime. Its effects on x-ray spectra
have not been experimentally verified. Second, if a
known radiative pump is used, the pump would serve as
a controlled probe that perturbs the plasma and causes it
to fluoresce. The study of this fluorescence would yield
detailed information about radiation transport, level pop-
ulations, and the competing rate processes in the plasma.
Finally, the study of photopumping is directly relevant to
x-ray lasing schemes that depend on this process to
create population inversions. This present study begins
to explore the fundamental process of photopumping it-
self.

The three experiments described in this Letter are the
first attempt to quantify fluorescence due to controlled
radiative resonant pumping. Radiative resonance pump-
ing is the process by which the first dipole-allowed excit-
ed state is selectively populated by a photon source tuned
to the transition energy between the ground and the ex-
cited state. We used a line-coincidence scheme to ob-
serve the fluorescence of the AlxII 1 Sp-2 P1 transition
due to photopumping by photons produced by the same
Al XII 1 Sp-2 P 1 transition from a spatially different
plasma source. Thus, this photopumping experiment in-
volved two independent plasmas. In this Letter, the plas-
ma that will be pumped is called the front plasma. The
second plasma, which was created later in time and
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FIG. l. (a) The target and Ta block geometry. (b) The
schematic diagram of the diagnostics: pinhole camera (PH),
minispectrometer (MS), curved-crystal spectrometer (CCS).

served as the radiative pump, will be called the pump
plasma. Two preliminary experiments were performed
to characterize the individual plasmas separately. The
third, and final, experiment combined the two plasmas to
create a photopumping system.

The experiments were performed at the JANUS facili-
ty at Lawrence Livermore National Laboratory using
two independent laser beams. The pulse lengths and en-
ergies were optimized to create the necessary conditions
for the front and pump plasmas. The target consisted of
a 24-tttm-thick polypropylene substrate (CH) with an
embedded microdot of 270 Itm diam on one side and a
550-tttm-diam spot of aluminum on the other [see Fig.
1(a)l. The embedded microdot, a 1500-A-thick spot of
Al overcoated with 1000 A of parylene-N, was irradiated
by a 1-ns beam of 1.06-tttm wavelength to create the
front plasma. A relatively low irradiance of 1.0X10'
W/cm2 was used to prepare it in the Alxlt ion stage.
The bare Al microdot, 3000 A thick, was irradiated by
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the other beam and became the pump plasma. A 0.53-
pm-wavelength laser beam with a 100-ps pulse length
and irradiance of 1.0X10' W/cm was used to enhance
the x-ray conversion e%ciency of the pump plasma.
During the two-beam experiment, the peak of the laser
beam that created the photon pump was delayed by 1.0
ns relative to the peak of the first laser pulse.

The front plasma was critical to the experiment be-
cause it had to be in a state that maximized the 1 Sp
ground-state ions while minimizing the 1'Sp-2'Pi emis-
sion. An embedded microdot was used because previous
work has shown that the microdot plasma is hydro-
dynamically confined and has reduced temperature and
density gradients. We attempted to minimize the edge
effects of the irradiance by using a focal spot that was
-2.2 times the diameter of the microdot. The first pre-
liminary experiment determined the conditions to create
an Alxrr plasma with minimum emission of the 1 Sp-
2'P~ line.

The purpose of the pump plasma was to provide a high
photon flux at 7.757 A, the wavelength of the transition
to be pumped. Previous absorption spectroscopy experi-
ments on laser-produced plasmas have used x-ray
sources, called backlights, to provide a high flux of
broadband radiation. The method of producing the ra-
diative pump used in the present experiments is essential-
ly the same as the method used to produce backlights,
except that the flux must actually perturb the ions to
generate a detectable fluorescence signal from the front
plasma. The second preliminary experiment was per-
formed to measure the x rays transmitted through the
24-pm-thick CH substrate. Measurements of the x-ray
transmission through the CH were within 3% of the
transmission predicted from the CH attenuation of the

simultaneously measured pump flux. Therefore, during
the photopumping experiment, the direct flux measured
was used to determine the flux incident on the front plas-
rna by correcting for the attenuation through the target.

During the final experiment, both plasmas were creat-
ed. The two-sided target was supported on a special
mount that had a Ta shield to physically block the pump
plasma from the crystal steak camera. The camera
viewed the target at 90 from the target normal. With a
microscope, the knife edge of the Ta shield was aligned
to within 3 pm of the middle of the CH foil when viewed
edge on [see Fig. 1(a)]. The target and shield were then
aligned to the vertical center line of the streak-camera
photocathode slit so that the planar target was perpen-
dicular to the plane of the photocathode. This alignment
insured that the streak camera was blocked from the
pump plasma but could still monitor the front plasma.

The spectroscopic diagnostics used for the Anal experi-
ment [see Fig. 1(b)] covered the H-like through Li-like
ion stages of Al. The preliminary experiments used a
relevant subset. Time-integrating spectrometers used
Bragg crystals to cover a wavelength range of 6 to 8 A.
These crystals were absolutely calibrated by measuring
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the crystal rocking curve on a stationary x-ray anode
source. A time-resolving streak camera was used with a
Harada flat field-variable-line-spaced grating (2400
lines/mm) to measured the Li-like Al lines from the
front plasma. It viewed the plasma at an angle of 45
above the axis defined by the laser beams [not shown in

Fig. 1(b)] and encompassed a spectral range of 32 to 60
A. The primary diagnostic, the crystal streak camera,
overlapped the spectral coverage of the time-integrating
spectrometers by using a flat potassium acid phosphate
(KAP) crystal with a resolution of —200.

The preliminary front-plasma experiment showed that
a laser energy of about 2 J would create a minimum
emission of the 1 Sp-2 P~ line while maintaining strong
Li-like emission. Line intensities from the Alx?t and
AlxI stages were used for the following front-plasma
line ratios: [3 Pi-2 Sp]/[4 Pi/2-2 Si/2], [3 Pi-2 Sp]/
[3'Pi~2-2'Si~2], and [4 Pig2-2'Sig2]/[3'Piy2-2'S i'].
These line-intensity ratios, which arise from the critical
ion stages in this experiment, are a function of tempera-
ture and density, thus we are able to bracket the plasma
conditions. The diagnostic ratios place the front plasmas
in a range of temperatures from 200 to 400 eV with an
'electron density of (5.0+ 0.5) X 10 ' cm

Time-integrated line-ratio measurements in the pre-
liminary experiment for the pump plasma determined
the temperature range, density range, and the absolute
photon number in the pump. We used the ratio of He-
like dielectronic satellites to the AlxIII 2 S~/2-3 P](2 line
and Li-like dielectronic satellites to the Al xtt 1 'Sp-2'Pi
line for temperature. Density was deduced from the ra-
tio of the same Li-like satellites to the AlxII intercom-
bination line. These ratios give a temperature of
500-600 eV and an electron density of (1.0+ 0.5) x 102p

cm . For laser energies in the pump plasma in the
range of 5.2 to 6.3 J, the absolute number of photons de-
rived from the time-integrating spectrometer, which
directly measured the pump plasma only, were on the or-
der of 5.0X10' to 1.0X10' photons/sr. The transmis-
sion through the CH was measured to be =2.0X10'2
photons/sr.

In the photopumping experiment, the two plasmas
were created with laser parameters that were determined
from the first two experiments. We checked that tem-
peratures, densities, and absolute photon numbers were
comparable to those measured in the previous experi-
ments. In addition, we checked that when only the pump
plasma was created, the result on the crystal streak cam-
era was a null spectrum. Thus, we determined that the
pump radiation was effectively blocked by the Ta shield.

The crystal streak camera was used to determine the
time history of the photopumping and a quantity we
define as g, the ratio of the time-integrated recorded sig-
nal due to the self-emission to the recorded signal due to
the fluorescence. Only the Alxrr resonance line is ob-
served in emission (see Fig. 2). The Alxtti lines and
other Alxrr are not detected even though they lie in the
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FIG. 3. Analyzed data from Fig. 2 in which the background
intensity is subtracted from the AlxII 'So-'P& intensity.
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FIG. 2. Time-resolved data showing fluorescence signal.
Shown in order of increasing wavelength are the positions of
the strongest lines of Alxttt (Ly-P and Ly-a) and the other
Alxrt (He„, Hett, and He, ). The intensity plots shown above

are the background emission as a function of time (A), and the
Alxtt 'So-'Pt emission as a function of time (8).

measured spectral range. These transitions in the front
plasma are not expected to couple to the radiative pump
as strongly as the resonance line because of their lower
opacity. The absence of these lines, which are also the
strongly emitting lines of the pump plasma during the
fluorescence, indicates that the pump plasma is not
directly observed.

Figure 2 shows a slice of the data centered on a line at
8 which corresponds to the 1 Sp-2 P~ intensity as a
function of time. At low emission levels, the total signal
includes background due to stray light and continuum
emission. In order to correct the fluorescence data, a re-
gion near the resonance line (indicated by A in Fig. 2)
was sampled to establish the base-line intensity. Figure
3 shows the Al XII 1'Sp-2'P~ emission from Fig. 2
corrected for the background. The first peak is due to
the self-emission; the second peak is the fluorescence
emission.

The minispectrometer recorded the initial front-
plasma emission and the fluorescence. The absorption
coefficient of the resonance transition is =1.77X10
cm ' for the front plasma. We therefore assume that
the total signal on the minispectrometer does not include
the pump-plasma photons, since 99% of the pump-
plasma photons will be absorbed within the first 0.2 pm

of the front plasma. Together, the absolute photon num-
ber and the streak-camera measurement of g yield a
fluorescence measurement of = 1.5 x 10"photons/sr.

An analytic estimate of the photopumping effect can
be found if we use the following simple model of the
plasma emission. An equivalent two-level system is used
to calculate the number of ions excited to the P~ state
during each period of interest. Then, the total number of
emitted photons is calculated by volume emission.
Within the limits of this model we 6nd that the ratio g
can be reasonably approximated by the ratio of the num-
ber of photons emitted during the two periods —initial
plasma formation and photopumping.

The experimental method used to produce the front
plasma justifies the use of an equivalent two-level sys-
tem. The primary process in the front plasma, while the
laser irradiates the embedded microdot, is collisional ex-
citation from the ground state, 1 Sp. However, during
the radiative pumping, the stimulated-absorption rate
becomes stronger than the collisional rate because the
energy of the intense flux of photons is matched to the
transition energy. In both cases, radiative decay is the
dominant deexcitation mechanism.

Because of the combined effect of the optical depth
and collision al destruction of the excited state, the
detectable photons come preferentially from the plasma
column edge. We will approximate the number of ob-
servable photons by the emission from the plasma region
in which the optical depth, r, is ~ 1. We define the ac-
tive emitting volume by an annular area times a plasma
length. The area has an inner radius corresponding to

1 for the frequency at the peak of the emergent inten-
sity, and an outer radius corresponding to z 0 (i.e., the
radius of the microdot). For the ratio calculation, the
inner radius is not a critical parameter because the area
will cancel out. The length of the emitting region is
different for the self-emission than for the fluorescence
due to the following reasons. When the plasma is heated
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TABLE I. A comparison of the calculated and experimental
ratio g for comparable plasma conditions. ((calc) assumes an
electron density of 5.0&10~' cm . The factor V&/V2 —20.
The third result corresponds to the data shown.

Cot (10 /sec)

1.18
4.05
1.18

POJ (10"/sec)

2.53
2.60
2.71

((calc)

0.93
3.11
0.87

g(expt)

0.91
3.33
1.00

by the laser, the self-emission will come from the entire
plasma column length, -100 pm, which is determined by
the ablation rate of the material. But during the photo-
pumping, the emitting region length extends —5 pm
from the absorbing region. This length, —100 optical
depths at the line center, is determined by the thermali-
zation depth for the plasma conditions.

The number of excitations, N~, due to any rate, ROJ,
from the ground state to any level j (Ref. 9) is

Np no Rpj dtp dVp nQRQj Tp Vp

where no is the ion density in the ground state, T~ is the
laser pulse duration, and Vz is the emitting volume. The
rate is assumed to be constant over the laser pulse dura-
tion. Since we assume that every photon originating in
this restricted region escapes, the ratio of the numbers
excited during each phase approximately equals the ratio
g. The initial plasma quantities are denoted by p 1 and
the fluorescing plasma quantities are denoted by p -2:

Ni Cpj. Ti V j

Ppj T2V2

where Coj is the collisional rate (1/sec) and Poj. BpjF
(1/sec) is the photopumping rate. Here Bo~ is the Ein-
stein stimulated-absorption coefficient and F equals the
measured Aux of the pump. Table I shows the results of
three shots in which the laser energy creating the front
plasma varied & 15% and the photon pump was virtually
the same. For an absorbing plasma near critical density,
the ratio predicted by this analysis is within a factor of 2
of the ratio from the crystal-streak-camera data. The
agreement of this simple model with the data indicates
that the pump is efficiently coupled to the front plasma.

A detailed radiative hydrodynamic simulation now in

progress will be reported later.
This paper presents the erst quantitative investigation

of induced Auorescence in near-critical-density laser-
produced plasmas. The data prove that fluorescence due
to radiative pumping can be directly and unambiguously
observed. We have found the conditions for observing
this effect are densities of 5.0&10 ' cm and tempera-
tures of 200-400 eV in AlXrr. For these experiments,
radiative pumping was achieved for pump-plasma Auxes
on the order of 2.0& 10' photons/sr incident on the plas-
ma that was pumped, indicating that only modest laser
energies, —6 J, are needed to study this technique.
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