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We have demonstrated small signal gain saturation on several transient-gain Ni-like ion x-ray lasers
by using a high-power, chirped-pulse amplification, tabletop laser. These results have been achieved
at wavelengths from 139-203 A using a total of 5—7 J energy in a traveling-wave excitation scheme.
Strong amplification is also observed for Ni-like Sn at 119 A. Gain of 62 cm™' and gL product of 18
are determined on the 4d — 4p transition for Ni-like Pd at 147 A with an output energy of 12 uJ. A
systematic evaluation of the laser driver parameters yields optimum beam divergence and small deflection
angles of 2—5 mrads, in good agreement with simulations.

PACS numbers: 42.55.Vc, 32.30.Rj, 42.60.By, 52.50.Jm

Gain saturation is the desired operating regime for x-ray
lasers if the maximum extraction efficiency of energy
from the plasma gain medium is to be attained. This has
been demonstrated for Ne-like ion collisional excitation
schemes for 3p — 35 J = 2 — 1 lasers of Se at 204 A
and Ge at 232 A with 500 J to kilojoules of drive energy
[1]. The main challenge to improving x-ray lasers has
been taking a tabletop scheme and successfully driving
it into saturation. There has been considerable difficulty
in meeting this challenge by many promising schemes
including optical field ionization and recombination [2].
Towards this goal, substantial improvement has been
made in recent years in the reduction of the laser drive
energy required to generate the population inversion by
collisional excitation. This has allowed further progress
towards high output, shorter wavelength x-ray lasers.
The prepulse technique [3] when used in conjunction
with 75 ps pulses with 75 to 150 J energy has achieved
gain saturation on various Ni-like 4d — 4p J =0— 1
transitions from 140 to 59 A for Ag and Dy ions [4].
Recently, the laser drive energy required for saturated
operation has been reduced further to 30 J for Ni-like Pd
4d — 4p J = 0 — 1 x-ray lasers at 147 A [5].

Progress towards a tabletop x-ray laser has advanced in
parallel because the advantages of reduced size, low cost,
and high repetition rate are important for the future de-
velopment of applications in this field. The fast capil-
lary discharge plasma operating at 469 A for Ne-like Ar
has shown gain saturation by single and double passing
with a half cavity, and recently this has been extended to
high repetition rate, high average power operation [6]. The
transient collisional excitation scheme has been proposed
to achieve tabletop operation for laser-driven schemes [7].
This utilizes two laser pulses where a long nanosecond
pulse generates the plasma and creates the required closed
shell Ne-like or Ni-like ionization conditions. After a de-
lay to allow for plasma cooling and expansion which is
desirable for both optimum pumping and ray propagation
aong the plasma column, a 1 ps laser pulse generates a
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transient population inversion. Thisfast heating time scale
allows efficient pumping without perturbing the ionization.
Very high x-ray laser gains greater than 100 cm™! are pre-
dicted and so saturation for target lengths of lessthan 1 cm
is possible. The advantage with this scheme is that less
than 5—-10 J of laser energy from a chirped-pulse ampli-
fication (CPA) tabletop laser is sufficient to drive the in-
version. The initial demonstration of the transient scheme
was shown for Ne-like Ti 3p — 3s transition at 326 A [8]
and was extended to the Ni-like ion sequence for the Pd
4d — 4p line at 146.8 A [9]. Transient gain saturation
was demonstrated on Ne-like Ti at 326 A and Ge at 196 A
using the larger Vulcan-CPA laser at the Rutherford Ap-
pleton Laboratory [10]. However, the laser drive energy
to achieve saturation was reported to be 32 and 60 J, re-
spectively, which is currently beyond the output of present
tabletop lasers.

In this Letter, we report significant reduction in the laser
energy to ~5-7 J to drive a number of Ni-like ion tran-
sient gain lines operating between 139 and 203 A into the
saturation regime. The output energy up to 12 uJ has
been extracted by using traveling-wave excitation. This
isthefirst time that gain saturation with gL of 18 has been
achieved on a laser-driven tabletop x-ray laser. This also
represents the shortest wavel ength saturated tabletop x-ray
laser. Reduction in the x-ray laser beam divergence and
deflection angles to a few mrads is observed for increas-
ing target lengths. In addition, we observe strong output
on the Ni-like Sn 4d — 4p 119 A line with an estimated
gL product of ~10 which is the shortest wavelength x-ray
laser reported on a tabletop facility.

The experiments were performed on the Compact Multi-
pulse Terawatt laser system at LLNL [11]. This laser,
operating at 1054 nm wavelength, utilizes the technique
of CPA to produce two beams of nominaly 500 fs and
600 ps (FWHM) pulse duration with a repetition rate of
1 shot every 4 min. The short pulse was lengthened to
1.0-1.5 ps with energy of 4.5-5.5 Jwhile the long pulse
energy was typically 0.5 to 3 J delivered in the line focus

© 2000 The American Physical Society



VOLUME 84, NUMBER 21

PHYSICAL REVIEW LETTERS

at the target chamber. The peak-to-peak delay between the
laser pulses was found to be optima at 700 ps with the
short pulse arriving after the long pulse. The line focus
length of 1.1 cm was achieved with a cylindrical lens and
an on-axis paraboloid.

The on-axis x-ray laser output was observed with
a 1200 line mm~! variable-spaced flat-field grating
spectrometer with a back-thinned 1024 X 1024 charge-
coupled device (CCD). Filters giving attenuation between
10X -30X were used to prevent the x-ray laser saturating
the CCD. Fiducia wires were placed close to the spec-
trometer entrance it and aligned to the target surface with
a telescope to calibrate the angular deflection and beam
divergence of the x-ray laser in the horizontal direction.
Flat polished target slabs were used in the experiment
and tilted back by ~5 mrad in the horizontal direction to
compensate for refraction of the x-ray laser in the plasma
column. A CCD x-ray dlit camera with 25 um spatia
resolution monitored the line focus plasma uniformity
and overlap of the laser pulses. An on-axis soft x-ray
multilayer-coated imaging system spatially resolved the
two-dimensional x-ray laser beam exit profile and output
energy for the 189 A Ni-like Mo 4d — 4p laser [12].

Several changes in the experiment were introduced
in comparison with our previous x-ray laser campaigns
[9,11]. The long pulse was defocused to a width of
~150 um (FWHM) while the short pulse beam was
focused to 80 wm. The main idea was to produce a more
uniform lateral plasma medium and increase absorption
prior to the excitation process driven by the picosecond
laser. More importantly, a traveling-wave scheme was
introduced to mitigate against the reduced amplification
at longer target lengths resulting from the short-lived
transient gain lifetime and increase the laser output.
A simple reflection echelon technique was adopted to
produce the traveling wave as described in previously
related x-ray laser work [13]. The traveling-wave optic
consisted of five flat mirror segments placed before the
focusing optics. Each segment was offset by 0.12 cm
to introduce a traveling wave towards the spectrometer
with a delay of 7.7 ps per step. This corresponded to a
phase velocity of ¢ aong the line focus length, matched
to the propagation of the x-ray laser in the gain region.
For nontraveling-wave excitation, the reflection echelon
was replaced with a flat mirror. Optical streak camera
measurements at the line focus with the short pulse beam
confirmed that the flat mirror setup produced simultaneous
excitation along the line focus.

Figure 1 shows the spectra of Ni-like ion sequence
for 0.9 cm targets of Mo (Z = 42), Pd (Z = 46), Ag
(Z = 47),Cd (Z = 48),and Sn(Z = 50) irradiated witha
1.2 = 0.5 J, 600 pslaser pulse followed by a5.0 = 0.3 J,
1 ps pulse after a delay of 700 ps. The spectra were
obtained with the five-segment traveling-wave reflection
echelon optic. The 4d — 4p x-ray laser transitions are
dominant in each spectrum with the highest intensity ob-
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FIG. 1. Single shot spectrafrom the Ni-like ion sequence from
Mo to Sn. In each case, the strong 4d — 4p x-ray laser line
from 189 to 119 A dominates the spectrum. Note that the base-
line of all spectraexcept Sn are offset for clarity. Ag, Cd, and Sn
have intensity multipliers of 4, 14X, and 180X, respectively,
to normalize the line intensity.

served for the 188.9, 146.8, and 138.9 A lines of Mo, Pd,
and Ag, respectively. Recent gain measurements for Mo
together with spatial imaging of the gain region indicate
that the gain length product is 16.8 = 0.6 and that the laser
intensity is several times above the saturation regime [12].
Overdl, the Pd x-ray laser has the highest intensity, ap-
proximately 2 -3 higher than Mo and 4 higher than
the Ag output. The genera trend is decreasing intensity
of the4d — 4p laser line for the highest atomic numbers
Cd and Sn. Thisis primarily a plasma temperature effect
where the short pulse heating is insufficient to strongly
collisionally pump the higher excitation energy from the
ground state to the upper excited level and drive into
saturation.

Figure 2 shows the intensity versus length of the Pd
x-ray laser with and without the traveling wave. Nomi-
na energy in the line focus is 2.0 = 0.2 J for the long
pulse and 4.8 = 0.5 Jfor the short pulse. The small sig-
nal gain isdetermined tobe41 cm™~! using the Linford for-
mula[14]. The laser output smoothly increases to achieve
an overal gain length product of 18.1. With no traveling
wave, the x-ray laser output flattens out for targets above
0.4 cm as observed qualitatively previously [8]. In con-
trast, the traveling-wave data shows a continued increase
in output to between 20 to 100 times higher at 0.9 cm.
One of the main issues regarding the interpretation of ex-
perimental data from the transient scheme is being able
to identify the characteristics of gain saturation, transient
gain lifetime, and refraction of the x-ray laser beam out
of the high gain region. All of these effects cause roll-off
in the x-ray laser intensity as a function of target length.
Our analysis using the RADEX simulation code [7-9] con-
cludes that the roll-off in the x-ray laser output without
the traveling-wave excitation is determined primarily by

4835



VOLUME 84, NUMBER 21

PHYSICAL REVIEW LETTERS

F Pd ' ' " e
104 L 146.8 A - - -
ER: ¥
£ 403k 9=62cm’ /'/ i
2 A °o_o
@ - ° __o—-— " o
5 102 F ./é —8 © ’ E
. oy :
3 3 e
s 10'F g=41cm’ 3
-l E 3
> 3
E o .
x 10°F 3
10—1 [ M 1 I 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Length (cm)
FIG. 2. Intensity versus length plot for Ni-like Pd 4d — 4p

x-ray laser line. Nomina experimental conditions are 2 J,
600 ps and 4.8 J, 1 ps of energy in the line focus for traveling
wave (full circles) and no traveling wave (open circles). The
dashed curve is to guide the eye. A gain of 41 cm™' (solid
line) is determined at short target lengths for traveling wave
and approximately 35 cm™! for no traveling wave. Traveling
wave with 0.5 J energy in 600 ps (triangles) has higher gain
62 cm™! (solid line).

the short transient gain lifetime in the plasma column and,
second, by refraction issues related to density gradients.
The transient gain lifetime was estimated to have an expo-
nential decay constant of ~7 ps[15] which correspondsto
~0.2 cm photon transit path. The traveling-wave excita-
tion scheme substantially reduces the transient gain effect,
hence, leaving plasma refraction as the most important
effect. In spite of the transient inversion x-ray lasers
operating at shorter target lengths than quasisteady state
schemes, refraction has a significant influence as a result
of the higher gains produced at high densities. Included in
Fig. 2 are lower energy 0.5 Jlong pulse driver laser shots
which generate consistently higher x-ray laser output and
inferred gain ~62 cm™~! for short plasmas up to 0.25 cm.
Calculations show that a lower starting temperature aids
the transient inversion by reducing the initial excited level
population. It aso revealed that instantaneous val ues of the
gain are even larger 90—100 cm™! but are masked at these
small lengths with long-lasting spontaneous emission and
refraction.

The deflection and beam divergence angles for the Pd
laser line are shown as a function of length in Fig. 3. For
the longest targets, the average deflection is 3 mrad away
from the target surface with some variation from 1.5 to
5 mrad. At lengths below 0.25 cm, beam deflection angles
are greater than 10 mrad. These rays originate in a very
high gain, but dense and highly refractive region. With
mitigation of refraction, one can even achieve saturation
here that indicates further potential for the transient scheme
approach that is just starting to be experimentally real-
ized. This deflection angle decreases with increasing tar-
get length also due to refraction that tends to select the
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FIG. 3. Beam deflection (full circles) and divergence (open
circles) of the Pd x-ray laser with plasma length in comparison
with RADEX calculations (solid and dash lines, respectively).

more optimal but less dense areas. Then, it dightly in-
creases with length reaching an asymptotic value while
these rays propagate through the whole active medium.
The maximum deflection angle (n./n.)%>, where n. is
critical density for this x-ray wavelength, is areliable tool
which reveals the optimal amplification density for Pd ions
of n, ~ 0.9 X 10 cm™3. It should be noted that only
4%—-5% of the ps-laser energy is absorbed at this density
with thisflat target. The divergence also initially decreases
with length and finally rebroadens at larger lengths as a
consequence of intensity saturation. Figure 4 shows typi-
cal angular profiles of the x-ray laser beamsfor 0.9 cm Ag
and 0.9 cm Cd targets. The measured beam divergenceis
2.3 and 3.6 mrad (FWHM) with deflection angles of 2.0

/ 99042005 Ag
80

99042032 Cd

- i — -
=
s 6ot 2.3 mrad
-y
]
£
Q
€ 40
= 1 L |
@ — - -5 0 5 10 _15
- 3.6 mrad
E 20
x

o -

1 1 1 1
-10 -5 0 5 10 15

Deflection angle (mrad)

FIG. 4. Angular profile of the x-ray laser beams for the Ag
1389 A and Cd 131.5 A 4d — 4p lines from 0.9 cm targets,
where increasing deflection is defined as away from the target
surface. The intensities have been normalized.
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and 3.3 mrad, respectively. Thisis similar to the Pd x-ray
laser before the strong saturation rebroadens the beam
divergence.

Saturation intensity can be written as I, = (A,E,)/
Osiim,» Where A, is the total upper laser level destruction
rate, E, is the x-ray laser energy, and o, 1S the stimu-
lated emission cross section [16]. The Ni-like Pd x-ray
laser saturation intensity can be calculated from numerical
simulations of the plasma conditions, where the density,
electron, and ion temperatures at the time of lasing
ae n, ~09x 10 cm™3, T, ~400eV, and T; ~
80 eV, respectively. Values for the stimulated emission
Cross section ogim = 5.2 X 10715 cm™2 and upper level
destruction rate of A, = 1.4 X 102 s7! are used. The
corresponding saturation intensity is 3.7 X 10° Wem™2.
The estimated total uncertainty in this analysis is a factor
of 2. The experimental 147 A Pd x-ray laser intensity,
Iexp, Can be also estimated from the studies of the 188.9 A
4d — 4p Mo laser where the laser energy output and gain
region dimensions have been measured using a multilayer
imaging system [17]. Output energy of 3—5 uJ per shot
was measured for the Mo x-ray laser after factoring in
the recorded signal, mirror reflectivity, filter transmission,
and CCD quantum efficiency of the system. The relative
sensitivity of the spectrometer at different wavelengths
was used to convert the integrated x-ray laser signa at the
spectrometer detector into x-ray laser output energy. The
Pd x-ray laser output was determined to be 12 = 4 uJ.
The gain region of 80 um X 50 um and x-ray laser
pulse duration of 5-10 ps, estimated from the analysis
in [15], yield an experimental Pd x-ray laser intensity
of e = (4 £ 2) X 10! Wem™2 which is ~10 times
higher than I,,. Because of high small-signal gain, the
laser output is till increasing nonlinearly with length at the
longest targets while the laser is operating in the saturation
regime. The output is smoothly increasing at a continu-
aly decreasing rate and it should be possible to extract
~5-10X more energy with a few additional millimeters
of target under the present irradiation conditions or by
driving the plasma harder. More significantly, this demon-
strates the strong robustness of this concept where driving
tabletop x-ray lasers into sub-100 A wavelength range
will be of primary importance in the future. These experi-
ments and simulations show one of the reliable routes
towards this end by creating and utilizing very high gain.

In conclusion, we have observed gain saturation on
various transient collisional Ni-like ion schemes operat-
ing at 203 to 139 A, Nb to Ag, at a repetition rate of
1 shot/4 min. Gains of 41-62 cm™! have been deter-
mined for Pd at 147 A with a gL product of ~18.1 with
5J. This corresponds to 12 uJ output energy. An es
timated brightness of 10>* photons mm~2mrad 2s! in
0.01% bandwidth is comparable with other x-ray laser
sources driven by larger lasers and represents the high-
est brightness tabletop source operating at this wavelength.
The estimated Ni-like Cd intensity at 131.5 A wavelength

is close to saturation. The shortest wavelength x-ray laser
observed in thiswork at 119.1 A, E, = 104 eV, isrobust
and it is estimated that a 50% increase in laser intensity
would be sufficient to drive this line into saturation. A fi-
na note is that these results were achieved with a simple
target design with substantial refraction effects and ps-laser
absorption of only a few percent.
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