Laser-Heated Flashlamps:
a Step Toward

a Soft X-Ray
Laser

Experiments conducted jointly by our
Laser and NLTE* Research Programs
with the Laboratory’s Shiva laser
have explored the feasibility of
using a laser-heated flashlamp
to produce a bright, uniform
source of x radiation in the
wavelength range required

for a photoexcitation

pump for a soft

x-ray laser.

For further information contact
Dennis L. Malthews (415) 422-5360.
Peter L. Hagelstein (415) 322-7157,
or Mike Campbell (415) 422-0676,




Fig. 1

In a resonantly pumped x-ray laser,
light from a necdymium-glass laser is
used to heal a matal flashlamp fail.
The foil amits x rays that both ionize
and (if the xrays are of the proper
wavalenglh) create a population Inver-
sion in a gaseous medium, which lases
to produce coherent soft x radiation.
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Lasing at x-ray wavelengths has long
been pursued both as a challenging
technical achievement and as an ex-
tremely fruitful extension of the already
prolific uses of the optical laser. Appli-
cations range from the holography of
deoxyribonucleic acid (DNA) molecules
to x-ray lithography of microcircuits. As
the brightest (i.e., most energetic) avail-
able source of coherent radiation, an
x-ray laser also would be adaptable to
photoelectron spectroscopy and phase-
contrast microscopy.

The realization of an x-ray laser
poses a complex technical challenge.
This is primarily due to the lack of effi-
cient large-angle mirrors from which to
form a laser cavity. This results in the
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apparent need to use dipole transitions
to achieve high enough gains to pro-
duce significant laser action during a
single pass through the laser material.
The power needed to pump such dipole
transitions scales as the inverse cube of
the laser wavelength.

Several investigators have proposed
various soft-x-ray lasing schemes using
a necdymium-glass laser as the driving
source, In the most promising,' the
driving laser light is used to heat a
flashlamp foil (Fig. 1). Upon ionization
to a lower state, the foil emits x rays,
which are, in turn, used to strip cold
neon or fluorine gas down to a helium-
or hydrogen-like state of ionization,
The resulting ions are resonantly
photoexcited by the appropriate x-ray
emission line of the flashlamp foil to
create a population inversion between
either the n = 4 and n = 3 states or the
n =23 and n = 2 states (Fig. 2).

In an x-ray laser based on n = 4 —
n = 3 transitions in neon, the x-ray
spectrum of the flashlamp foil must
contain an emission line near a wave-
length of 1.1 nm (within * 0.0003 nm)
to resonantly photoexcite helium-like
ions from their ground state to their
n = 4 excited state, Electron-ion colli-
sions will then primarily populate
states with higher angular momentum
[such as the 1s4d('D), 1s4f('F) states),
which are dipole forbidden to relax to
the ground state (see Fig. 2). In addi-
tion, the lower state of the x-ray laser—

Table 1 candidate flashlamp materials and lasing media for a resonantly pumped
photoexcitation x-ray laser.
Measured Required
flashlamp flashlamp Energy of
pump line pump line Lasing lasing
Flashlamp material {A), nm {A), nm mediom medium, eV
n=3—-n=2schemes
B-like Cr 1.4458 1.4458 He-like F 119
Be-like Mn 1.2643 1.2643 H-like F 153
n =4 —n=3schemes
Be-like Cr 1.3779 1.3782 He-like F 423
M-like Ni 1.1000 L.100 He:-like Ne 536
He-like Na 1.1003 1100 He-like Me 336




the 1s3p('P) or 1s3d('D) state—rapidly
decays by dipole emission to the
1s2p('P) or 1s*('S) state. The lasing
scheme based onthen=3—n =2
transition operates similarly, the n = 3
state being preferentially excited with a
well-chosen flashlamp emission line.

Table 1 summarizes the critical
properties of candidate flashlamp
materials and lasing media proposed
for the photopumped x-ray laser. Ex-
cept for the helium-like sodium transi-
tion, all the pumping-flashlamp foil
candidates emit x rays resulting from
n = J —n = 2 transitions in ions of
moderate atomic number (24 to 28).
Although Table 1 is not exhaustive, it
represents candidates that have re-
ceived the closest scrutiny.

X-Ray Lasing Experiments
at LLNL

Early in 1983, we will begin a series
of experiments to study the feasibility
of lasing at x-ray wavelengths. Qur
technique will use the Laboratory’s
MNovette laser system (which has two
arms of the ten-arm Nova laser) to ir-
radiate two thin metal foils with
5332-nm laser light. Sandwiched be-
tween the foils is a layer of neon gas
that serves as the x-ray lasing medium
{(see Fig. 1). The foils convert the laser
light to x rays that are transmitted
through the foils to ionize and pref-
erentially excite certain atomic states in
the neon gas, which then lases at soft-
x-ray wavelengths.

Before we can quantitatively evalu-
ate the proposed scheme, we must
know the x-ray emission characteristics
of the laser-irradiated flashlamp foils.
The last series of experiments per-
formed with the Laboratory’s large
Shiva laser (before it was dismantled in
1982) was designed primarily to charac-
terize the x-ray emission spectra pro-
duced by some of the candidate
flashlamp materials.

Design of the Shiva
Experiments

Flashlamp Targets
The flashlamp targets consisted of
thin metallic foils of iron, iron-copper,

chromium, or nickel about 0.04 um
thick and 2 mm in diameter (Fig. 3).
The metal was deposited on a 0.5-um-
thick parylene disk that provided me-
chanical strength; the targets were sus-
pended across a thin (25-um-thick)
Mylar hoop 3 mm in outside diameter.
To facilitate centering all of Shiva’s ten
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Fig. 3

Typical flashlamp-Toil target used in
the Shiva x-ray experiments. The
matal foil was deposited on a parylene
disk to provide mechanical strength.
The targets were suspended across a
thin Mylar hoop. The ball enabled us to
center all of Shiva's ten lower beams
on the target.



lower beams, we mounted an align-
ment ball 300 um in diameter on each
target. To ensure a uniform thickness
and composition of the flashlamp tar-
gets, we measured the metal foils from
which they were cut. The overall uni-
formity over thickness of about 100 um
{determined by both light transmission
and sputter erosion) was at least 20%.

Flashlamp Diagnostics

The array of diagnostic instruments
used in the Shiva experiments is shown
in Fig. 4. Each flashlamp target was ir-
radiated either normal to the lower set
of Shiva's beams for absorption mea-
surements, or rotated at an angle of
30 deg to the normal to enable the di-
agnostics to view both sides of the tar-
get. The primary diagnostic instruments
consisted of four crystal spectrographs,
which measured the time- and space-
integrated x-ray spectra. To obtain in-
formation on the angular variation of
the x-ray spectrum of the flashlamp
foils, we placed two of the spectro-
graphs in front of the flashlamp surface
and two at its rear. The rearward spec-
trographs were of primary importance

X-ray
Cryslal diode array  Crystal
spectrograph (55 dag) spectrograph
{35 deq) l (73 dea)

Kirkpatrick-Baez
-f— x-ray microscope
30 deg {30 deg)

Crystal

spectragraph

AN

spectrograph X-roy Transmission grating
(73 dey) aode Rriy streak camera (61 deg)

(66 deg)

Fig. 4

Configuration of diagnoslic instruments used in the Shiva x-ray experiments. To measure
the x-ray spectrum emltted by the flashlamp target, iwo time- and space-integrated crysial
spactrometers viewed it from the front (the surface irradiated by the lasar light) and two
from the rear. For aborption measurements, the target was irradiated normal to the beam
axis. To enable the instruments to view il from both sides, the target was rotated 30 deg.
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because they measured the spectrum
that will irradiate the lasing medium.’
Calibrating the response of the film
used in the spectrographs to the emit-
ted x rays was a formidable task; it rep-
resents the least certain quantity in
determining the absolute intensity of
the x-ray lines emitted from the
flashlamp foils.

The forward spectrographs were set
to measure the x-ray emission spectrum
from 0.7 to 1.4 keV, the rearward spec-
trographs from 0.7 to 1.2 keV. To cali-
brate spectral energy, we placed foils
with known absorption characteristics
over the entrance apertures of the spec-
trographs. We also calibrated the spec-
trographs to known spectral features of
the iron and chromium foils. The rear-
ward spectrographs were calibrated to
photon energy within + 4 eV; the accu-
racy of their absolute intensity mea-
surements has not yet been determined.
The forward spectrographs were cali-
brated to energy within + 5eV and to
absolute intensity within + 50%.

The time history (resolved to about
20 ps) of the L-shell emission was mea-
sured using a 300-nm-period gold
transmission grating, coupled to a soft-
x-ray streak camera.™® The spectral
resolution of E/AE = 10 was, however,
insufficient to observe individual
emission lines,

We used a polar 8¢ Kirkpatrick-
Baez microscope to measure the unifor-
mity of the time-integrated x-ray emis-
sion from the extremely small spot size
of the irradiated foil. The microscope
was fitted with a 100-nm aluminum
and 3.2-um Mylar filter to examine
x-ray energies of about 1 keV. The mi-
croscope viewed the rear of the target
along the laser axis. Three Dante multi-
channel x-ray diode systems provided
high-precision broadband intensity
measurements,”

Target absorption was measured
with an array of scattered-light pin di-
odes, filtered to record wavelengths of
1064 nm, and with incident and back-
scattered calorimeters. For the absorp-
tion measurements, the iron and iron-
copper targets were oriented at normal
incidence to facilitate angular integra-
tion over the finite pin-diode array. The



total energy, pulse length, and beam
balance of the Shiva laser were also
carefully monitored.

Experimental Results

The laser pulse widths were mea-
sured by three streak cameras and
varied from 100 to 133 ps. Shiva’s ten
lower beams were overlapped to give a
nominal spot diameter of 1 mm. Laser
energies on target ranged from 142 to
374 ], Typical peak intensities of the
incident laser light were 100 to
200 TW/em®.

Target Absorption

Because of the large effective f/num-
ber (f/1) of Shiva’s beam clusters and
the laser duration used (100 to 120 ps),
the dependence of target absorption on
the angle of incidence of the laser light
should be negligible (at least for angles
less than 30 deg). (This assumption is
supported by experiments with the
Laboratory’s Argus laser where we
used an enclosing box calorimeter to
measure reflected and scattered laser
light.) In addition, we do not expect ab-
sorption to depend significantly on the
atomic number of the target material
over the modest range covered in these
experiments,

Two experiments gave laser-light ab-
sorption values of 50 = 5% for an iron
foil and 39 + 4% for an iron/copper
foil. These absorption values were in-
ferred by subtracting the backscattered
light and the integrated scattered light
measurements from the incident laser
energy. Measurement errors due to cali-
bration uncertainties and angular inte-
gration give an average absorption
value of 45 + 9% for these two
experiments,

Source Uniformity

We measured the two-dimensional,
time-integrated spatial characteristics of
the x-ray emission region with the
Kirkpatrick-Baez microscope. The
aluminum-Mylar filter resulted in a
channel response of about 0.8 to
1.2 keV. Figure 5 shows a processed
spatial image of a nickel-foil experi-
ment, The relatively soft edge of the
image may result from time integration
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Calibrating the response of the film
used in the spectrographs was a
formidable task; it represents the least
certain quantity in determining the
absolute intensity of the x-ray lines
emitted from the flashlamp foils.
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Fig. 5

(a) Spatial Image of 1.064-um light in-
cldent on the flashlamp foll. The scan
raprasents the average optical density
at the targel plane. (b) Two-
dimensional image of x rays emitted
from flashlamp target in the enargy in-
terval from 0.8 to 1.2 keV. The spatial
rasolution of the x-ray microscope is
about 10 um. (c] Yertical scan through
middle of the image, showing full-
width hall-maximum (FWHM) and full-
width 0. 1-maximum [FW{0.1)M] of tha
source (ntensity. (d) Horizontal scan
through the middile of the image,
showing FWHM and FW{0. 1)M.
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and from overlapping of Shiva's ten
beams. The image shows no small-scale
structure (time integration may again
be responsible), although there is a rel-
atively long-scale variation (1.5:1) in the
film density over a scale length of
about 500 to 700 um. We used this im-
age to determine the area of the source
in estimating the brightness of the
x-ray flashlamp. (The brightness of the
source is defined as the intensity radi-
ated per unit time per unit photon
energy interval.)

X-Ray Spectra

In our detailed measurements of the
x-ray emission spectra, several quanti-
ties were of particular interest: the total
yield and power of the x-ray emissions
from the flashlamp, the angular depen-
dence and relative strength of the spec-
tral lines, and the energy and bright-
ness of x-ray lines in the vicinity of the
resonance with the upper energy level
of the lasing medium. Total x-ray yield
is an important quantity, as the flash-
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lamp x rays serve to strip down the las-
ing gas to its helium- or hydrogen-like
ionization state. The relative spectral
emission strengths of transitions from
various ionization states of the
flashlamp foils, and their angular de-
pendence on opacity effects, provided a
valuable check on our simulation com-
puter codes LASNEX and XRASER.
Finally, the brightness of individual
flashlamp emission lines is important
because it determines both the possibil-
ity of creating a population inversion in
the lasant gas as well as the laser gain.
To study these quantities, we com-
bined measurements from several differ-
ent instruments. Figure 6 shows typical
time-integrated spectra obtained from
chromium and nickel flashlamps with
the transmission grating and streak cam-
era; the spectra display strong L-shell
emission. Although the instrument does
not resolve individual lines, it does show
that the energy centroid of emission in-
creases with atomic number as expected.
Figure 7 shows the time history of the
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L-shell emission from a chromium
flashlamp. The 100-ps rise time is consis-
tent with a driving-laser pulse of 100 ps
[the laser pulse is Gaussian, with a full-
width half-maximum (FWHM) of 100 to
120 ps] but decays more slowly, with a
characteristic time of about 220 ps. The
FWHM of the x-ray emission is about
190 ps, 1.5 to 2 times greater than that of
the laser pulse.

Chromium Spectrum

Figure Ba shows a typical time- and
space-integrated spectrum obtained for
chromium fashlamp foils using the
35-deg forward spectrograph (angle
measured relative to target normal).
Figure 8b shows the important case of a
chromium spectrum obtained with the
38-deg rearward spectrograph. All data
were energy calibrated with one of the
lithium-like n = 3 — n = 2 transitions.
The spectral linewidths measured by
the 35-deg forward and 38-deg rear-
ward spectrographs were 1.8 and 1.4 eV
FWHM, respectively. In both cases, the
linewidth was dominated by source
size. The smaller value resulted from a
different instrument design located
farther from the source.

The spectrum of chromium was one
of the most important measured in the
Shiva experiments because it is a prime
candidate for pumping fluorine to
produce a 42.3-eV x-ray laser. The
beryllium-like chromium emission line
necessary to pump the n = 4 level of
helium-like fluorine was theoretically
predicted to be 899.78 eV; this line was
measured experimentally at 899.58 eV.
The chromium emission record in
Fig. 8b (from a rearward spectrograph)
illustrates the uncertainty surrounding
spectral calibrations. A distinct group of
five lines from about 0.87 to 0.91 keV
should be associated with beryllium-
like 3d — 2p transitions. Unfortunately,
the uncertainty in our energy calibra-
tion (= 4 V) prevents any firm conclu-
sions about whether the desired energy
overlap occurs, Further measurements
to improve the accuracy of these line
determinations are in progress at KM5
Fusion, Inc., Ann Arbor, Michigan; oth-
ers will be performed at LLNL early in
Movette’s experimental schedule.
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Line Brightness

To facilitate comparison with the
kinetics calculated with the XRASER
code, we have expressed the brightness
of the flashlamp’s pump line in terms
of modal photon density (photons per
mode). The modal photon density is a
measure of a line’s brightness at a
given frequency, which can be com-
pared to that of a blackbody radiating
at a prescribed temperature. For an op-
tically thick source in equilibrium, this
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Fig. 6

X-ray spectrum produced by laser irradiation of chromium and nickel flashlamp foils. The
interval AE (FWHM) indicales the resolution of the sireaked transmission-graling
spectrograph.
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(a) X-ray spectrum of the n=23 -
n = 2 emission from a chromium
flashlamp foll, showing the callbration
lina; data obtained with the 35-dag
forward crystal spectrograph.
{b) X-ray spectrum of the n =3 —
n = 2 emission from the same chro-
mium foil, showing the calibration line
and one of the laser pump lines
(beryllium=-like chromium}); data
obtained with the 38-deg rearward
spectrograph.

modal photon density is

N, = [exp(he/kT) — 1],

where | is Planck’s constant, v is the
emission frequency, T is the tempera-
ture, and k is Boltzmann's constant. If
he/kT = 1, N, = 0.58 photons per
mode; if hw/kT = 2.822 (the peak of the
blackbody spectrum), N, = 0.063 pho-
tons per mode, and so on. In other
words, N, scales rapidly with kT when
the photon energy is fixed, emphasiz-
ing the importance of heating the
flashlamp to a relatively high electron
temperature,

Tﬂble 2 Modal photon densities of the strongest lines in the flashlamp x-ray
spectra for two different experiments.®

Photons/ mode Photons/mode

Flashlamp Spectral ENergy, (forward 38-deg {rearward 35-deg
material line eV spectrograph) spectrograph)
Cr+ CH 1 34(°D; -) —

15°2p(°Py ) 036 001 0.004
Cr + CH 15 3d(*Dy 1) —

15°2p(°F;4) 9326 0.009 0.005

*On the basis of the data from the x-ray microscope, we assumed an emission area of
6.4 % 107 em®, We obtained a value of A from the transmission grating and streak

camera on one experiment only: in others, it was assumed to be 200 ps. The instrument
source-broadened linewidth was about 1.5 ¢V FWHM for the forward spectrograph and
about 1.8 eV for the rearward spectrograph; the natural (Dopper-broadened) linewidth
was assumed to be about 0.3 eV FWHM-
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Most laser photoexcitation schemes
require flashlamp photon densities of at
least 0.01 photons per mode. The quan-
tity N, (photons per mode) is related to
parameters we actually measure by

N, = (256 x 007 E. 7 Art A7
X A (AE /A yra) »

where E,, is the transition energy in
electron volts, Ar is the duration of the
transition (FWHM) in seconds, A is the
emission area of the plasma in square
centimetres, [ is the measured x-ray in-
tensity in units of keV/keV over 4,
and AE,, /AE, . is the ratio of the ex-
perimental linewidth (FWHM) to the
natural (Doppler-broadened) linewidth.
In our experiments, [ is uncertain to
within * 50%. We did not measure the
uncertainty in Ar because the duration
of emission was not determined for in-
dividual lines. The ratio AE,, ./ AE, ;s
is known to within = 50%. These un-
certainties lead to a large uncertainty in
N, Future experiments at KMS Fusion
and LLNL (with Novette) will focus on
reducing the error in each of these
parameters,

Table 2 shows some of the modal
photon intensities derived for the most
intense lines observed in the spectrum
of the chromium-hydrocarbon flash-
lamp foil. (We used the transmission-
grating streak camera to determine Ar.)
The brightness of the lines assumed to
be candidates for pumping the x-ray
laser (from the beryllium-like state) was




about one half of the value (0.01 pho-
tons per mode) that appears necessary
for photopumping the transitions of in-
terest. Although the data embody con-
siderable uncertainty, we will attempt
to increase the value of N, in the early
phases of the Novette x-ray-laser ex-
periments using techniques based on
the wide range of irradiation conditions
{a wavelength of 532 nm and higher in-
tensities) that Novette will provide.

Summary

A popular scheme proposed for las-
ing at x-ray wavelengths is based on
resonant photopumping of the lasing
medium by x rays generated in laser-
irradiated metal foils. To evaluate the
quantitative feasibility of such schemes,
we must first determine the x-ray emis-
sion characteristics of the foils. We used
the Laboratory’s Shiva laser to irradiate
a number of candidate flashlamp ma-
terials. Our experiments established the
feasibility of producing a bright, uni-
form source of x radiation in the range
of wavelengths required. However, the
experiments underscored uncertainties
in several key parameters. To reduce
the uncertainties, we will need to make
more accurate determinations of the
centroid energy and the width of
flashlamp emission lines. We must also
measure the time duration of individual
emission lines with a high-resolution
spectograph.

Our experience in these preliminary
experiments with the Shiva laser will
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be applied to a much more accurate as-
sessment of flashlamp line brightness
using LLNL's Novette laser later this
year. Because x-ray lasing would be
marginal for some schemes at current
line brightnesses, the Novette experi-
ments will also explore techniques of
increasing brightness by studying the
effects of such parameters as the wave-
length and intensity of the driving laser
light and the thickness of the flashlamp
foil. 12

Key Words: LASNEX; laser—Movette, Shiva,
x=ray: XRASER.
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